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Abstract 
The social requirements of individual animals change as they age and their physical and reproductive 
priorities change. Fission-fusion dynamics allow individuals to adapt their sociability (gregariousness 
and social connections) to maximise the benefits they gain from associating at different life stages 
and under potentially changing ecological conditions. Studying short-term changes in group 
composition and the sociability patterns of individuals as they move through life stages provides an 
opportunity to examine how individuals tailor their patterns of sociability to their social and 
reproductive priorities.  
The overall objective of my PhD was to investigate how ecological factors and individuals’ 
characteristics influence giraffes’ association decisions and resulting patterns of sociability. I 
collected group composition, location and behavioural data on giraffes in Etosha National Park in 
Namibia over two periods across 2015 and 2016 to add to data previously recorded on this population 
over three periods since 2004, creating a longitudinal dataset on 1,421 individuals including 646 
identified males and 560 identified females. From this data, I calculated strengths of association 
between pairs and metrics of sociability for individuals that could be compared among periods. I also 
collated 2009 photographs taken of identified males over the twelve years since 2004 to assess the 
relationships between colour, age and sociability, as colour is thought to relate to males’ dominance 
and thus reproductive success.  
Following a general introduction (Chapter 1), I first examine instances where changes in group size 
and/or composition occurred (group flux events) to determine if ecological, behavioural or group 
composition factors related to group size or the likelihood of a flux event (Chapter 2). Ecological 
variables, group composition and the behavioural state of the group all related to group size, but only 
group composition influenced the likelihood of a fission event and only behavioural state influenced 
the likelihood of a group fusion. Habitat features that likely affected predation risk did not influence 
group size or flux events. Grouping patterns in this population are thus likely primarily driven by 
resource acquisition, with group flux events allowing smaller scale adjustments based on individuals’ 
characteristics or behavioural states. 
In Chapter 3 I explore the relationships between sex, age and sociability. Using repeated sightings of 
individuals in four periods over twelve years I calculated the ages of 139 individuals ranging from 
juveniles (< 2 years) to old adults (15+ years). I then compared individuals’ sex and age against two 
measures of gregariousness, two social network metrics describing their connectedness in the 
network, and their positions in travelling progressions. I show that males become less gregarious as 
they age, particularly over the age of fifteen. Females remain gregarious but differ in their position in 
 Preliminary Pages  II 
the network as they age. Young and middle-aged females are important network connectors while old 
females are followed when travelling, likely as a result of their knowledge of the environment. These 
results highlight the contrasting behavioural and social strategies used by male and female giraffes, 
and how differing social priorities drive changes in association patterns as individuals age. 
I look further into the sociability patterns of males in Chapter 4. Male giraffes’ coat colours vary 
considerably more than those of females and have been linked to dominance and mate selection, with 
darker colour believed to function as an honest signal of fitness. I used photographs taken over twelve 
years to sort males into seven colour categories based on the darkness of their coat patches and then 
investigated how colour relates to age and sociability.  If colour signals fitness, not all males should 
achieve the darkest colour and males of different shades could utilise different mating tactics, which 
might be reflected in their social patterns. I found support for these predictions. Colour intensity did 
not increase at the same rate among males, many males stayed light coloured even in old age, and 
males’ association patterns were related to their colour. Lighter males spent more time in groups 
while darker males were more solitary, likely the result of roaming. These contrasting association 
patterns likely reflect breeding strategies that have different fitness trade-offs.  
This thesis contributes to the understanding of individuals’ social experiences within a fission-fusion 
social system. The contrasting sociability patterns of males and females and differences among age 
classes suggest that individuals adapt their sociability to changing fitness constraints. The association 
patterns of females relate to their age and likely to their reproductive status, and gaining knowledge 
about the environment appears to be an important benefit of associating for females. Males’ 
association patterns differ with age and colour, probably reflecting condition-dependent behavioural 
tactics that males use to maximise their access to females. Continued research on this species and 
others with fission-fusion dynamics, with the inclusion of life-history traits such as longevity and 
reproductive output, will further our understanding of the fitness benefits individuals gain from 
associating within a fission-fusion social system.  
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Chapter 1: Introduction 
Sociality and fission-fusion dynamics  
Sociality describes the degree to which individuals in animal populations tend to associate with 
each other. At one end of the sociality spectrum, solitary animals like black bears, Ursus 
americanus (Amstrup & Beecham, 1976), and tigers, Panthera tigris (Sunquist, 1981), do not 
associate except for occasional shared resource use or to mate. At the other end, species 
including meerkats, Suricata suricatta (Madden, Drewe, Pearce, & Clutton-Brock, 2011), and 
baboons, Papio sp. (reviewed in Swedell, 2011), live in permanent social groups that feed, 
sleep and travel together. The extent to which a species or population has evolved to be social 
is dependent on a trade-off between overall fitness costs and benefits. By being social, 
individuals gain increased protection from predators (or dilute their chance of becoming prey, 
Delm, 1990), an increased ability to share knowledge and learn from others, and increased ease 
of finding a mate (Krause & Ruxton, 2002). Cooperative breeding and communal care of 
offspring are also possible through sociality and can increase the overall reproductive success 
of the group (Kokko, Johnstone, & Clutton-Brock, 2001). These benefits must be weighed up 
against increased competition for food and mates, and increased conspicuousness (reviewed in 
Ebensperger, Rivera, & Hayes, 2012; Krause & Ruxton, 2002; Silk, 2007). In social groups 
there is also increased the potential for pathogen transfer (VanderWaal et al., 2014), 
intraspecific aggression and harassment (Cameron & Du Toit, 2005).  However, in some social 
species, like feral horses, Equus caballus  Cameron et al. 2009), females can minimise the 
harassment they receive from males by grouping with other females. Thus, their may be an 
associated increase or decrease in harassment with socialising in different systems.   
When social groups become too large or there are conflicting interests among individuals 
within a group, the group is likely to split, or fission. Similarly, if individuals’ interests align 
or they gain increased benefits from associating, smaller groups may join, or fuse. These events 
occur in all social species and can be permanent, such as in the splitting of a troop of baboons 
resulting in two separate troops (Henzi, Lycett, & Piper, 1997), or may cause temporary 
changes in group composition. Examples of these are the hunting parties of lionesses, Panthera 
leo (Scheel & Packer, 1991), sentinel ants, Camponotus fellah (Mersch, Crespi, & Keller, 
2013), and foraging groups of spider monkeys, Ateles geoffroyi (Chapman, Chapman, & 
Wrangham, 1995). Species in which fission and fusion events occur regularly resulting in 
temporary groups that fluctuate in size and composition are described as having a fission-fusion 
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social system or fission-fusion dynamics (Aureli et al., 2008). This type of flexible social 
system is suggested to have evolved as a means of balancing the competing costs and benefits 
of group living (Smith et al., 2008), particularly in the context of stochastic changes in the 
ecosystem (Esposito, 2008). Thus, the stability of social groups may vary among species and 
among populations of the same species of difference sizes or in different environments 
(Chaverri, 2010; Faust & Skvoretz, 2002). Group size and composition can also fluctuate 
spatially and/or temporally within a population.  
Species exist on a continuum of group stability from species where groups are primarily stable 
and cohesive but may change, described as having “lower fission-fusion dynamics”, to systems 
with very flexible social group compositions known as “higher fission-fusion species” (Aureli 
et al. 2008). Higher fission-fusion dynamics have been recorded in a wide range of taxa 
including great tits, Parus major (Aplin et al., 2013), Trinidadian guppies, Poecilia reticulata 
(Auge et al. 2016), bison, Bison bison (Fortin et al., 2009), chimpanzees, Pan troglodytes verus 
(Lehmann & Boesch, 2004), eastern grey kangaroos, Macropus giganteus (Carter, Macdonald, 
Thomson, & Goldizen, 2009), dolphins, Tursiops sp. (Lusseau et al., 2006), Bechstein’s bats, 
Myotis bechsteinii (Kerth, Ebert, & Schmidtke, 2006) and humans, homo sapien (Rodseth et 
al. 1991). It is now suggested that most species exhibit fission-fusion dynamics to at least some 
degree (Aureli et al. 2008).  
The occurrence of flexible grouping dynamics in such diverse taxa, covering a range of diets 
and habitats, suggests that higher fission-fusion dynamics may have evolved convergently as 
a solution to the competing pressures of social living and unpredictable resource availability 
(Smith et al., 2008). Aureli et al. 2008 present two hypothetical pathways through which higher 
fusion-fusion dynamics may evolve. Along Route A individuals gain increasing benefits from 
extended association leading to the formation of cohesive groups. Communication between 
individuals allows these associations to be maintained. Ecological conditions then necessitate 
groups to fission resulting in fusion-fusion dynamics. Along route B species develop fission-
fusion dynamics from a solitary, rather than group-living original state. Associations may have 
began as random or opportunistic but then associating with the same individual regularly may 
be convenient. For example, understanding of the daily movement patterns of an individual 
makes them easier to find to associate with for protection from predators. In this system, fusions 
will occur when ecological conditions are favourable and groups may become more stable 
(lower fission-fusion dynamics). Whether a species has evolved to be obligately (Route A) or 
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facultatively (Route B) social, may influence the costs and benefits that individuals gain in 
social groups (Blumstein, 2013). Understanding how sociality developed in a specific system 
may help to predict how a system may respond to changing ecological conditions.  
As a further complexity, fission-fusion dynamics may be based on individuals or subgroups. 
For example, African elephants, Loxodonta africana, are described as having higher fission-
fusion dynamics (Aureli et al., 2008), but group composition changes are based on stable 
subgroups containing multiple individuals joining or leaving other subgroups (Wittemyer, 
Douglas-Hamilton, & Getz, 2005). By contrast, higher fission-fusion societies of bats are 
generally individual based, with individuals or non-stable groups deciding to join or leave 
others (Kerth, Perony, & Schweitzer, 2011; Patriquin, Leonard, Broders, & Garroway, 2010).  
The majority of studies on species with fission-fusion dynamics have focused on how varying 
group sizes may increase individuals’ fitness through access to resources (Chapman et al., 
1995; Ramos-Fernández, Boyer, & Gómez, 2006; Symington, 1988) or decreased predation 
risk (Fortin et al., 2009; Hill & Lee, 1998; Kelley, Morrell, Inskip, Krause, & Croft, 2011). 
Some animal groups may be the result of random associations among individuals exhibiting 
similar behaviours or with similar resource preferences (Couzin, 2006). However, recently 
studies have identified that the composition of groups is often not random as individuals are 
making complex association decisions influenced by social factors (Carter et al., 2009; Kerth 
et al., 2006; Podgorski, Lusseau, Scandura, Sonnichsen, & Jedrzejewska, 2014; Sueur, Petit, 
& Deneubourg, 2010). Increasing research has shown that individuals from a range of species, 
including those with fission-fusion dynamics, actively choose their associates. Individuals may 
choose to associate with others that have similar phenotypic characteristics (e.g. body size: 
(Ward & Krause, 2001) or colour, (McRobert & Brander, 1998) are of a similar age (Silk, 
Alberts, & Altmann, 2006) or are kin (Kaminski, Brandt, Baubet, & Baudoin, 2005; Podgorski 
et al., 2014; Wittemyer et al., 2005). By doing so they may not only gain fitness benefits related 
to foraging success and reduced predation risk but also experience increased reproduction (Silk 
et al., 2009), longevity (Silk et al., 2010), and knowledge transfer (Brent et al., 2015; McComb, 
Moss, Durant, Baker, & Sayialel, 2001). In some species, for example kangaroos and bottle 
nosed dolphins (Carter et al., 2009; Frere et al., 2010), social relationships are maintained over 
long periods despite individuals regularly changing groups. Thus, the size and demographic 
composition of groups in fission-fusion species can be influenced by social and ecological 
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factors and both need to be examined to understand what drives change in group composition 
within fission-fusion social systems. 
The majority of our understanding of association dynamics in fission-fusion societies has come 
from using ‘snapshots’ of group membership as an indicator of association (e.g. Bercovitch & 
Berry, 2013b, Best, Dwyer, Seddon, & Goldizen., 2014). While this is a convenient way to 
study sociality, it may fall short in describing multiple aspects of the fission-fusion social 
system. First, for species that exhibit fission-fusion dynamics, researchers face the challenge 
of defining and identifying biologically meaningful groups. Social communication is key to 
maintaining social groups and organisms may communicate in ways that are not measurable 
by humans, for example the high frequency contact chirps used by little brown bats, Myotis 
lucifugus (Melendez, 2006) or the infrasonic calls used by African elephants (McComb, Reby, 
Baker, Moss & Sayialel, 2003). Thus, we must first consider a species biology and then 
consider the most meaningful way to define groups based on the research question being asked 
(Carter, Lee & Marshall, 2015; Farine et al. 2015). 
Once groups are defined we must acknowledge that social groups based on proximity may not 
necessarily reflect individuals’ social decisions. This is because individuals’ grouping 
decisions may be influenced by ecological and social restrictions (Cross, Lloyd-Smith, & Getz, 
2005). For example, individuals may be reluctant to change groups due to the dangers of 
spending time alone, reduced foraging efficiency or hostility from conspecifics (Alberts & 
Altmann, 1995; Berry & Bercovitch, 2012; Ferreras et al., 2004; Lucas, Waser, & Creel, 1994). 
If so, then data on group membership alone may not reflect individuals’ true social preferences 
and we need to include information on when individuals are observed changing groups in our 
analysis to fully understand the social system (Sueur et al., 2010). These events (called group 
flux events, fission, fusions) are often difficult to record in the wild because they happen so 
unpredictably in space and time. However, they have been studied in wild macaques, Macaca 
tonkeana and M. mulatta (Sueur et al., 2010), spider monkeys (Busia, Schaffner, & Aureli, 
2017) and bison (Fortin et al., 2009). Additionally, it is in the very nature of fission-fusion 
social systems for patterns to vary so studying a social system at one point in time may not 
capture the complexity of the system and of the factors that drive individuals’ grouping 
decisions. Using longitudinal data has allowed researchers to compare populations and 
individuals’ association patterns through time (e.g. African elephants, Archie, Morrison, Foley, 
Moss, & Alberts, 2006), Bechstein’s bats, Kerth et al., 2011, and spotted hyena, Crocuta 
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crocuta, Ilany, Booms, & Holekamp, 2015). However, there are limited numbers of such 
studies because of the constraints of studying species with fission-fusion dynamics over long 
periods. These include significant changes in ecological variables and predation pressure over 
time, continuation of permits and funding, and the difficulty of following animals that cover 
large areas.  
A further limitation to our knowledge of fission-fusion dynamics is the minimal understanding 
that we have of what drives individuals to change groups when they do. Very few studies have 
addressed the potential trade-offs that individuals with different characteristics may face when 
deciding to stay with or leave a group. Kelley et al. (2011) and Fortin et al. (2009) studied how 
predation risk may influence the frequency of fission and fusion events but did not distinguish 
among factors affecting different individuals. Research on group roost decision making in 
individually marked Bechstein’s bats suggests that bats consider both their own information 
about roost sites and the behaviour of others when deciding to stay with or leave a group (Kerth 
et al., 2006). Recent work on spider monkeys, revealed that individuals are more likely to 
fission into smaller groups containing same-sex members and individuals with whom they have 
high “compatibility” and “value” (Busia et al., 2017). These terms refer to components built to 
describe relationship quality based on proximity, grooming, support and cofeeding. This study 
identifies an important social aspect to decision making, which should be investigated further.  
Finally, the large majority of our understanding of mammals with fission-fusion dynamics has 
come from work on primates and dolphins or species that have subgroup-based fission-fusion 
dynamics, like elephants (but see Aureli et al., 2008, for other species studied). The social 
systems of these species can be complicated by strategic kin-based coalitions, matrilineal 
dominance hierarchies and strong kin selection (Connor, Heithaus, & Barre, 1999; Silk et al., 
2009; Wiszniewski, Brown, & Möller, 2012). Study of a broader range of species, with a focus 
on those that have simpler dyadic interactions and individual based fission-fusion dynamics, 
such as ungulates that do not form harems, provides a better opportunity to examine the origins 
of fission-fusion sociality.  
Individuals’ sociability patterns 
While associating with others may confer overall fitness benefits, the benefits are unlikely to 
be felt evenly by all group members. An individual’s sociability is made up of a number of 
dimensions that may contribute to its overall fitness. Gregariousness refers to an individual’s 
propensity to associate. Individuals may be highly gregarious, spending most of their time in 
 Chapter 1 6 
large groups with many associates, or spend most of their time alone or in small groups (Godde, 
Humbert, Cote, Reale, & Whitehead, 2013). Individuals may also be selective or non-
discriminatory about with whom they associate. Preferentially associating with similar 
individuals (homophily, McPherson, Smith-Lovin, & Cook, 2001) may decrease predation risk 
(Landeau & Terborgh, 1986) and increase group stability (Lau & Murnighan, 1998). 
Associating with individuals that are different can decrease competition or increase mating 
success (Whitehead, 1990). Groups of individuals that regularly associate, such as the stable 
family groups of female African elephants (Wittemyer et al., 2005), are referred to as “cliques”. 
Social animals are linked to others by aggressive, affiliative and communicative interactions 
that form a lattice of social bonds making up their unique social environment (Croft, James, & 
Krause, 2008). Thus, the way that an individual engages in a social group (or network) both 
affects and is affected by the presence and behaviour of other individuals, and individuals will 
differ in their social experience depending on their association decisions. The way that an 
individual interacts therefore influences its social integration, its centrality in a network and 
the costs and benefits that it experiences. Understanding the social environments of individuals, 
across multiple dimensions, is pivotal to understanding the structure of a population and the 
evolutionary forces driving animals to be social (Aureli et al., 2008).  
Individuals’ social environments do not necessarily remain static through time or among 
contexts. As individuals age or their physical condition changes, their social and energetic 
requirements change, resulting in different association priorities throughout a lifetime. Thus, 
individuals may maintain relationships but choose to prioritise amongst them in different 
contexts (Gero, Bejder, Whitehead, Mann  & Connor, 2005) or change relationships and 
association patterns completely as they move through life stages. In addition, interactions in 
one context or at a specific age can carry over to another (Henzi, Lusseau, Weingrill, Schaik, 
& Barrett, 2009; Lehmann & Ross, 2011; Stanton & Mann, 2012). Adolescence and early 
adulthood are often important times of dispersal, relationship building and learning (Linklater 
& Cameron, 2009; Stanton & Mann, 2012), and thus animals may peak in sociability during 
this time (Wey & Blumstein, 2010). In long-tailed manakins, Chiroxiphia linearis, highly 
social adolescent males were more likely to become dominant as adults and consequently 
increase their access to mates (McDonald, 2007). Similarly, adolescent male African elephants 
were in larger groups and showed a tendency for higher social levels (Evans & Harris, 2008) 
and female yellow-bellied marmot yearlings, Marmota flaviventer, engaged more in affiliative 
behaviours than did adults (Wey & Blumstein, 2010). In their prime reproductive years, 
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individuals would be expected to associate in ways that increase their reproductive success. In 
species that do not pair bond or in which males do not provide any paternal care to offspring, 
males’ reproductive success is limited by access to females in oestrus. Female’s reproductive 
success is generally limited by the acquisition of resources and protection of offspring, 
resulting in contrasting needs and resulting association patterns between the sexes (Wrangham, 
1980). Below I discuss how association patterns of males and females may relate to their 
reproductive priorities and overall fitness.  
Females’ priorities and sociability  
As females cycle through reproductive states, and care for offspring of different ages, their 
social and physical requirements change (Gittleman & Thompson, 1988). This may drive 
changes in their social priorities and hence their sociability. By remaining generally gregarious, 
females have the important potential for knowledge transfer, to gain information about 
resources (Voelkl & Noë, 2008), and benefit from the vigilance of others for protection of their 
offspring (Lima, 1995). However, they may choose to alter their group sizes or specific 
associates under different reproductive conditions. For example, in mountain goats, Oreamnos 
americanus, lactating females associated strongly with other females in similar reproductive 
states, which may increase group stability because group members share similar needs (Godde, 
Côté, & Réale, 2015). Non-reproductive adults associate according to their relatedness. 
Reproductive state also influences association decisions in female kangaroos (Menz, Goldizen, 
Blomberg, Freeman, & Best, 2017), and rhesus macaques, M. mulatta (Brent, MacLarnon, 
Platt, & Semple, 2013). 
Work on a number of taxa has demonstrated that the way that females connect to others in a 
group, and thus their centrality in a network, confers important fitness consequences. Increased 
social integration, measured as the number and strength of connections that individuals 
maintain, has been linked to survival and longevity of offspring in chacma baboons, Papio 
hamadryas ursinus (Silk, Alberts, & Altmann, 2003; Silk et al., 2009), big horned sheep, Ovis 
canadensis (Vander Wal, Festa-Bianchet, Réale, Coltman, & Pelletier, 2015) and wild horses, 
Equus caballus (Cameron, Setsaas, & Linklater, 2009). Social integration is also related to the 
longevity of female chacma baboons (Silk et al., 2010). Maintaining connections with specific 
preferred individuals may reduce competition and buffer the increased stress related to large 
social groups (Brent, Semple, Dubuc, Heistermann, & Maclarnon, 2011; Crockford, Wittig, 
Whitten, Seyfarth, & Cheney, 2008; Silk et al., 2010) or allow a female to incite coalitionary 
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support when she is harassed or her offspring is threatened (Cameron et al., 2009; Jacoby, 
Busawon, & Sims, 2010). In contrast, high social integration and strong social bonds related 
negatively to longevity in yellow-bellied marmots, which may be because they are facultatively 
rather than obligately social, unlike other species commonly studied (Blumstein, Williams, 
Lim, Kroeger, & Martin, 2018; Yang, Maldonado-Chaparro, & Blumstein, 2017). In rock 
hyraxes, Procavia capensis (Barocas, Ilany, Koren, Kam, & Geffen, 2011), it was not the 
number or strength of connections that influenced longevity but the equality of relationships 
among adults; when all females were connected more equally, all fared better. Preferential 
social relationships (defined as cases where individuals spend more time together than expected 
at random), often maintained over a long period, have also been recorded between females in 
eastern grey kangaroos (Carter et al., 2009), Grevy’s zebras, E. grevyi (Sundaresan, Fischhoff, 
Dushoff, & Rubenstein, 2007) and in some bat species (Kerth et al., 2011; Patriquin et al., 
2010), though the fitness consequences of such bonds in these species have received little 
attention. Thus, sociability can have important consequences for females, but the impact may 
depend on the specific selection pressures, type of social system or the structure of the whole 
network, and may differ for different sociability dimensions.   
Within a social group females not only differ in their social environments but also in the 
magnitude of effects they have on others and on the overall functioning of the group (Sih, 
Hanser, & Mchuggh, 2009). Young females are often important for overall group cohesion 
(Patriquin et al., 2010; Wey & Blumstein, 2010) while older females can be leaders and banks 
of knowledge. For example, the oldest females play the role of the information repository and 
matriarch in kin groups of African elephants, and killer whales, Orcinus orca (Brent et al., 
2015; McComb et al., 2001), making them central and important individuals in their social 
groups. Adult females are also leaders of group movements in a range of taxa that do not 
necessarily form kin-based groups, such as musk oxen, Ovibos moschatus (Ihl & Bowyer, 
2011) and bonobos, Pan paniscus, (Tokuyama & Furuichi, 2017), and are likely followed 
because of their knowledge of the environment. In hyenas (Smith et al., 2015) and plains 
zebras, E. burchellii (Fischhoff et al., 2007), leaders are more likely to be lactating females and 
in bonobos the centrality of the adult female also influences her likelihood of leadership 
(Tokuyama & Furuichi, 2017). By understanding how individuals’ characteristics relate to key 
social roles we can predict the evolutionary pathway through which sociality evolved in a given 
species (Aureli et al., 2008) and how a population’s social network might change after the loss 
of an important individual. 
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Males’ priorities and sociability 
The fitness of males in species without pair bonds is determined by their ability to gain access 
to, and copulate with females (Clutton-Brock, Guinness, & Albon, 1982). The tactics used by 
males to gain access to females vary widely among species and may depend on the operational 
sex ratio, the distribution of females and potentially female mate preferences (Oliveira, 
Taborsky, & Brockmann, 2008). For mammalian species in which females are spread 
throughout the habitat and do not have synchronised oestrus periods, males maximise their 
reproductive success by roaming, to search for females in oestrus (scramble competition; 
Oliveira et al., 2008; Whitehead, 1990). When males find a potential mate they may guard her 
and attempt to prevent other males from accessing her. If more than one male attends a 
receptive female, males may compete for access through displays or fighting, with larger or 
more dominant individuals generally more successful (Maynard Smith & Brown, 1986). When 
females are spread out but gregarious, as in fission-fusion species, males also have the option 
of remaining with a group in the hope that a female will come into oestrus. However, the 
success of this tactic may depend on the stability of social groups and the behaviour of the 
females. If groups change regularly, males may benefit more from associating with a group for 
a short period of time.  
Within a population, males may choose different tactics to maximise their fitness. These 
different tactics are known as “alternative reproductive tactics” and have been reported in 
species in all classes of animals (Gross, 1996). When there are different fitness costs and 
benefits associated with each tactic, the tactic that an individual uses depends on its physical 
condition and competitive ability, leading to condition dependence among tactics. The most 
dominant or competitive individuals will use the tactic that has the greatest fitness pay-off. 
Less competitive males, which are often younger, smaller or in poorer physical condition, may 
choose alternate tactics that “make the best of a bad situation” (Koprowski, 1993), employing 
tactics with lower fitness benefits than the dominant tactic but better than no reproductive 
success at all. These males are often referred to as “sneaker” or “satellite” males (Oliveira et 
al., 2008). These tactics can involve remaining near to females to gain copulations when a more 
dominant male is not looking or cannot guard all of the available females. In fission-fusion 
systems in which roaming is the dominant tactic, younger or weaker males that cannot keep up 
with the energetic demand of such travelling may choose to associate more regularly with 
groups of females. This has been recorded for young male musk oxen (Forchhammer & 
Boomsma, 1998). Males may also choose to delay competitive breeding and instead invest in 
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growth, condition and knowledge. This is believed to be the function of bachelor herds such as 
those observed in sperm whales, Physeter macrocephalus, African elephants and giraffes, 
Giraffa camelopardalis (Bercovitch & Berry, 2014; Evans & Harris, 2008; Whitehead & 
Arnbom, 1987).  
The association patterns of males are often overlooked in studies of mammalian association 
networks because, unlike females, they often do not have preferred associates or long-term 
bonds, likely as a result of their reproductive priorities. One exception to this is males that form 
close social bonds known as alliances to increase their competitive ability, as in Indo-pacific 
bottlenose dolphins, T. aduncus (Wiszniewski, Corrigan, Beheregaray, & Möller, 2012), and 
chimpanzees, Pan troglodytes schweinfurthii (Gilby et al., 2013). In stable social groups of 
some species there are also close male-female bonds that are believed to be mutually beneficial 
for males and females (Palombit, 2000), though these types of relationships are rare in species 
with higher fission-fusion dynamics (but see East, Burke, Wilhelm, Greig, & Hofer, 2003). 
Examining the social patterns of all males, particularly in the context of their reproductive 
tactics, provides an opportunity to investigate how males tailor their social interactions to 
increase their access to sexually receptive females under different conditions and thus increase 
their lifetime reproductive output.  
Ornamentation and male sociability 
Ornaments are exaggerated or colourful physical characteristics that do not relate directly to 
an animal’s competitive ability but may confer information about its physical condition. 
Examples include the elaborate tails of peacocks, Pavo cristatus (Manning, 1989), the manes 
of lions, Panthera leo (West et al., 2006; West & Packer, 2002), and the blue scrotums of 
vervet monkeys, Chlorocebus pygerythrus (Gerald, 2001). Evolutionary theory suggests that 
when there is a fitness cost involved in developing and maintaining an ornament, such as 
increased conspicuousness to predators, increased energetic costs or less than optimal heat 
transfer, these traits act as honest signals of an individual’s quality (handicap principle, Zahavi, 
1975). When competition is high, better quality individuals should gain relatively higher fitness 
returns and suffer lower costs from such traits than lower quality individuals (Johnstone, 1995). 
Thus, the exaggerated traits may act as reliable signals, communicating either superior genes 
or current physical condition to potential mates and competitors (Berglund, Bisazza, & Pilastro, 
1996). 
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Body colouration has important functions in predator avoidance, intraspecific communication 
and thermoregulation (Caro, 2013), but when colour is exaggerated or particularly sexually 
dimorphic it can function as an ornament (Campbell, Reece, & Meyers, 2006). Colour can 
function as an ornament through a number of non-mutually exclusive means, which may differ 
among species. Skin and hair colour is usually linked to the level of melanin, which can be 
energetically costly to produce and maintain (Roulin, 2016). The production of melanin may 
also be reliant upon the availability of particular elements in the environment (McGraw, 2006). 
Exaggerated colours may increase conspicuousness (Stuart-Fox, Moussalli, Marshall, & 
Owens, 2003) and darker colours can provide less than optimal heat transfer, particularly in 
hot environments (Acharya, Gupta, Sehgal, & Singh, 1995; West & Packer, 2002). Therefore, 
individuals with more exaggerated colours may suffer higher costs. Sustaining the colours 
despite the costs may signal their superior quality or current condition, thus competitive ability. 
Colour, or an individual’s possible colour range, can also be inherited (Arai et al., 2017; 
Berglund et al., 1996), so exaggerated colour can also confer information about the quality of 
an individual’s genes. Finally, colour can relate to testosterone, aggression and dominance 
rank, so may convey an individual’s social position to competitors and mates (Lovari, Pellizzi, 
Boesi, & Fusani, 2009; Rohwer & Ewald, 1981; Setchell, Smith, Wickings, & Knapp, 2008). 
Ornaments are common in birds but rare in mammals which usually favour armaments that can 
increase competitive ability, such as horns and body size. This may be because ornaments are 
more often associated with female mate choice rather than male-male competitive assessment, 
which is the dominant factor limiting males’ access to females in mammalian species. 
Ornaments do, however, exist in some mammal species and have been linked to female mate 
choice, male-male competitive assessment and overall fitness (e.g Himilayan tahr, Hemitragus 
jemlahicus, Lovari et al., 2009). The mane of the male lion is a particularly well studied 
example. A lion’s mane develops from adolescence until it reaches its peak physical condition, 
increasing in both darkness and length (West & Packer, 2002), and variation exists among 
individuals of the same age (Miller et al., 2016). Mane darkness functions in both female 
selection and male-male competitive assessment, while length appears to only function in 
male-male assessment. Males with darker manes suffer higher surface temperatures, sperm 
abnormalities and lower food intake. Despite this they are dominant over individuals with 
lighter manes, preferred by females and have longer reproductive life spans (West & Packer, 
2002). The colouration of male mandrills, Mandrillus sphinx, is also well studied (Setchell & 
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Dixson, 2001a; Setchell & Dixson, 2001b; Setchell et al., 2008; Setchell, Wickings, & Knapp, 
2006), but few other mammalian ornaments have seen the same depth of study.  
Ornaments may be particularly useful in systems that have higher fission-fusion dynamics 
because the regular changes in group composition mean that individuals are required to assess 
the competitive ability and potential mate quality of new associates. Honest visual signals of 
physical condition can also decrease the need for costly escalated fighting bouts. However, 
despite their potential use, ornaments are rare in mammal species with higher fission-fusion 
dynamics. In contrast to ornaments, armaments may serve a dual purpose. Horns and antlers or 
increased body size may be useful in combat but also as visual signals of condition, which 
males can use to determine other males’ likely competitive ability before deciding to engage 
in combat.  
The influence of the environment on social patterns 
Ecological factors can strongly influence the social relationships of individuals and overall 
group structure. The availability of food, water and protection as well as the presence of 
predators can all change the way that individuals associate. For example, the group structure 
of leaf-roosting bats, Thyroptera tricolor, is strongly influenced by the density of furled leaves, 
which are used for roosting (Chaverri, 2010). In trees with a high density of furled leaves, bats 
assort into several small clusters, but when leaf density is low bats form one large cluster. 
Female chacma baboons have cyclical social patterns based on the seasons (Henzi, Lusseau, 
Weingrill, Schaik, & Barrett, 2009). Relationships break down in the wet season when food is 
readily available and re-form in the dry when resources are limited, likely as a means of 
reducing stress. Predation pressure, or the fear of predation, can also strongly influence the way 
that individuals associate. The presence of predators and the effectiveness of their predation 
tactics can vary temporally and spatially throughout heterogeneous habitats and terrains 
(Hopcraft, Sinclair, & Packer, 2005; Laundré & Hernández, 2003; Loarie, Tambling, & Asner, 
2013). This variation results in peaks and valleys of predation risk throughout the environment 
and is described as a “landscape of fear” (Laundré, Hernández, & Ripple, 2010). Prey species 
can identify differences in predation risk in different locations and adjust their behaviour 
accordingly (Altendorf, Laundré, López González, & Brown, 2001; Creel, Schuette, & 
Christianson, 2014; Fortin et al., 2009; Hernández & Laundré, 2005; Stephens & Peterson, 
1984), For example, African herbivores adjust their behaviour according to the long-term and 
short-term risks of encountering lions at a waterhole. For wildebeests, Connochaetes taurinus, 
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and plains zebras, group sizes increase at risky waterholes, while other species avoid dangerous 
times of the day or avoid unsafe waterholes all together (Valeix, Fritz, et al., 2009; Valeix, 
Loveridge, et al., 2009). Individuals may also choose to prioritise safety over resource 
acquisition and socialisation (Creel et al., 2014; Hernández & Laundré, 2005; Rhine &Tilson, 
1987) or be particularly choosy about their associates in high risk zones or unfamiliar zones 
but research into this is limited (but see Pinter-Wollman, Isbell, & Hart, 2009). 
Quantifying sociability  
Prior to the adaptation of social network analysis (SNA) to animal populations, biologists were 
limited in the ways that they could describe and interpret sociality and individuals’ sociability 
patterns. Sociability was often measured using metrics of gregariousness such as group sizes, 
demographics of associates (Pepper, Mitani, & Watts, 1999; Rowell & Dixson, 1975; 
Underwood, 1981) or persistence of flock membership (Myers, 1983). While these measures 
quantify one aspect of sociability they miss the complexity of associate choices and the effect 
of an individual’s position or role in a network. Early studies mainly on non-human primates 
were able to examine connections between individuals based on describable interactions such 
as grooming, dominance, aggression and play, and in doing so began to understand the 
complexity of animal groups and preferential associations (Goodall, 1986; Hinde, 1976a; 
Hinde, 1976b). Primates remain by far the most studied animal species in terms of 
understanding social structure. Quantifying social connections is difficult for undemonstrative 
species like kangaroos and ungulates; thus ways to measure connections in these species via 
proximity or association have been developed (e.g. The gambit-of-the-group, Whitehead & 
Dufault, 1999).  
SNA has changed the way that biologists study grouping behaviour, providing a broader range 
of means to quantify different dimensions of sociability and allows complex analyses of these 
dimensions. (Croft et al., 2008; Makagon, McCowan, & Mench, 2012; Whitehead, 2008). SNA 
quantifies the patterns of interactions or associations occurring between individuals in a 
population to establish a network of relationships that represent the overall social structure. It 
also provides a standardised set of techniques for calculating metrics of sociality and 
sociability. At the individual level, social network analysis can quantify heterogeneity of the 
social experience (Cameron et al., 2009; Silk et al., 2010) and identify particularly pivotal 
individuals in the maintenance of the structure of a network (Flack, De Waal, & Krakauer, 
2005; Flack & Krakauer, 2006) or the likely flow of information (Shizuka & McDonald, 2012; 
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Voelkl & Noë, 2008). By analysing the global structure of networks, researchers have been 
able to identify community structure within larger populations, and have used this to determine 
the vulnerability of populations to the spread of pathogens or changing environmental 
conditions (Cross et al., 2004; Hamede, Bashford, McCallum, & Jones, 2009). 
Association indices and network metrics can be used to describe the structure and patterns of 
associations within networks. Association indices describe the relative strength of a connection 
between two individuals, usually based on observations of the dyad (pair) within close 
proximity over a particular sampling period. Indices can also be used to account for biases in 
data collection. For example, when individuals are more likely to be seen apart than together 
due to large ranging areas, the half weight index is particularly useful (Whitehead, 2008). 
Metrics provide a standardised way to compare and analyse the positions of individuals within 
the network and to compare the overall network structure between populations. For individuals, 
metrics can describe the immediate social environment (e.g. strength) as well as their position 
in the group (e.g. betweenness). Using these metrics, researchers can identify individuals that 
play a particularly important role in the network (Croft et al., 2008). At the whole population 
level, metrics can describe the spread of relationships in a population and identify communities 
or “cliques” (transitivity), as well as the total number of connections among all individuals 
(density).  
While social network metrics are useful for describing patterns within a network, they should 
be used cautiously. Connections can have different meanings under different circumstances 
and particularly between different species (Lehmann & Ross, 2011; Sih et al., 2009). 
Connections can also change temporally, as is the nature of a dynamic society (Castles et al., 
2014). Further, metrics are rarely comparable between populations of different sizes (Faust & 
Skvoretz, 2002; James, Croft, & Krause, 2009) and recent work has suggested that individual 
metrics are heavily influenced by sample sizes (King, 2015). For example, an individual 
sampled 40 times is likely to have more connections than an individual sampled 10 times as an 
artefact of the sampling, rather than being biologically relevant. This is likely to be of particular 
concern for fission-fusion species because it is difficult to sample individuals evenly. However, 
permutation methods that randomise connections while keeping the number of sightings of 
individuals constant, such as those available in the R package Asnipe (Farine, 2017), control 
for this issue.  
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Study species: the giraffe 
Social system 
The giraffe is a large-bodied (>1000 kg) ungulate endemic to sub-Saharan Africa. The giraffe’s 
social structure is characterised by higher fission-fusion dynamics in which individuals form 
fluid open-membership groups within a larger population. The flexibility of their social system 
is believed to have evolved as a response to spread-out, unpredictable and ephemeral food 
sources (Bercovitch & Berry, 2013b) and has allowed giraffes to adapt to a range of 
environments. Giraffes are found in fragmented populations throughout arid, savannah and 
woodland habitats and their group sizes and behavioural patterns are heavily influenced by 
environmental factors and predation pressure (Fennessy, 2004; McQualter, Chase, Fennessy, 
McLeod, & Leggett, 2016; Muller, 2018; Van der Jeugd & Prins, 2000). Giraffe groups 
generally average between three to five individuals but groups of one are common and groups 
of up to 100 individuals have been recorded in some populations (e.g. Murchison Falls National 
Park, M. Butler Brown, personal communication). In the Namib Desert where food and water 
are limited, group sizes increase in the dry season as giraffes congregate around very limited 
resources (Fennessy, 2004). In the Luangwa Valley, Zambia, where moisture-rich food is 
plentiful, group sizes decrease in the dry season, likely as a result of foraging strategies that 
reduce intra-group competition for food resources (Bercovitch & Berry, 2010).   
The giraffe’s social structure was once believed to involve essentially random aggregations of 
non-bonded individuals associating based on resource availability or predation pressure (Foster 
& Dagg, 1972; Leuthold, 1979). More recently, researchers have demonstrated that there is 
non-random network structure created by preferential associations and long-term relationships 
between females (Bercovitch & Berry, 2010; Carter, Brand, Carter, Shorrocks, & Goldizen, 
2013; VanderWaal, Atwill, Isbell, & McCowan, 2014 but see Le Pendu, Ciofolo, & Gosser, 
2000 for an exception). Bercovitch and Berry studied a population of 52 individuals on a small 
fenced reserve and demonstrated that females maintained long-term bonds with kin and 
similarly aged individuals (Bercovitch & Berry, 2013a, 2013b). They also showed that old 
females played an important role as leaders in their population (Berry & Bercovitch, 2014). 
Bercovitch and Berry (2010) documented sex differences in group sizes and found that males 
spent more time alone than did females. They also suggested that bachelor herds might exist 
because younger males follow older more experienced males (Bercovitch & Berry, 2014), but 
that these associations have no longevity. Carter, Brand, et al. (2013) studied a population of 
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over 500 identified individuals in a 1000 km2 area of the Etosha National Park, Namibia (my 
study population). They showed that females had preferred and avoided associates but only 
25% of the variation in relationships could be explained by spatial overlap and relatedness. 
They also recorded long-term relationships between pairs of females (over at least 6 years) 
despite these pairs not always associating, and recorded an increase in the number of associates 
as females aged from sub-adults to young adults. Despite having similar social network metric 
values to females, thus contributing equally to the structure of the network, no long-term 
associations or preferential associates were recorded for male-male pairs (Bercovitch & Berry, 
2013b; Carter, Brand, et al., 2013).   
Sex differences in the association patterns of giraffes may be the result of different movement 
patterns, habitat selection and reproductive priorities. Female giraffes tend to be more 
sedentary than males, moving within stable home ranges depending on the availability of 
resources (Pratt & Anderson, 1982; Fessnessy, 2004; Van der Jeugd & Prins, 2000). These 
stable home ranges may allow repeated association between the same individuals over time 
and females may benefit from obtaining knowledge about resources from their familiar 
associates. Adult females (4 years+) may also gain reproductive benefits from maintaining 
familiar relationships with others (Shorrocks, 2016). Females with young tend to select open 
habitats in which they spend less time vigilant, despite limited browse (Ginnett & Demment, 
1999; Young & Isbell, 1991), while females without young show similar habitat use to males. 
This suggests that females may be more selective about habitats as a reproductive strategy to 
protect their young (Ginnett & Demment1999) as well as being choosy about associates 
because of the potential benefits gained by maintaining relationships.  
The social decisions of male giraffes, in contrast to those of females, may be more heavily 
constrained by resource requirements and males may be disadvantaged by associating with 
other males.  Giraffes spend a large proportion of their time foraging and have been recorded 
to ruminate while walking, the only extant ruminant known to do so (Du Toit & Yetman, 2005). 
This suggests that they are near the maximal body size that can be sustained by their food 
source (Clauss et al., 2003) and that resource acquisition is likely to be an important driver of 
giraffes’ movement. As male giraffes may be up to 20% larger in height and body mass than 
females (Dagg, 2014), they will have higher nutritional needs. Therefore the grouping and 
movement decisions of males may be more influenced by their nutritional needs than those of 
females. 
 Chapter 1 17 
The giraffes’ age of first parturition is around six years with a gestation period of 15 months. 
Females return to fertility around ten days after giving birth and are fertile for approximately 
four days every two weeks (Bercovitch, Bashaw, & del Castillo, 2006). This means that as few 
as 6 – 11% of adult females may be receptive at any one time (Brand, 2007), resulting in a 
heavily skewed operational sex ratio. Competition among males for access to receptive females 
is likely to be high (Dagg & Foster, 1976; Pratt & Anderson, 1982) and dominant males have 
the potential to monopolise mating opportunities (Brand, 2007; Pratt & Anderson, 1985), 
though no studies have assessed paternity in wild populations. In addition, as females’ social 
groups are spread throughout the habitat, males’ chances of encountering a receptive female 
are low. Males are considered adult at four years but continue to grow until approximately the 
age of eight (Dagg, 2014) and live to sixteen years on average in the wild (Berry & Bercovitch, 
2012). Males become increasingly solitary as they age, adopting a roaming strategy to increase 
their likelihood of encountering sexually receptive females (Pratt & Anderson, 1982; Pratt & 
Anderson, 1985). Younger, smaller or subordinate males that are excluded from competitive 
breeding may gain knowledge benefits or access to females when dominant males are not 
present, if they remain in groups with females. In addition, recorded cyclical changes in male 
androgen levels suggest that males may have a flexible rutting period, analogous to that of the 
African elephant (Seeber, Duncan, Fritz & Ganswindt, 2013) although future research is 
required to investigate this possibility. Thus, differing sexual or resource driven priorities under 
varying androgen levels may also influence males’ association patterns. Male giraffes do not 
form alliances or provide care to offspring, so the incentives for males to maintain relationships 
are otherwise minimal.  
Studying the giraffe’s social system presents a unique opportunity to study the dynamics of a 
social system that is characterised by higher fission-fusion dynamics but does not include 
strategic coalitions or female hierarchies. Individual giraffes are also recognisable by their 
unique coat patterns. While previous studies provide an important broad-scale understanding 
of the giraffe’s social system, they have either focussed on small, fenced populations or only 
covered a short period. What remains unclear is what drives individuals to change groups, and, 
more specifically, how individuals use the flexibility of the social system to adapt their social 
patterns specifically to their changing physical and social requirements.  
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Communication and colouration 
Social communication is important for the formation and maintenance of social groups. 
Giraffes have the largest eye and retinal surface of all ungulates (Mitchell, Roberts, Sittert & 
Skinner, 2013), they can detect movement at a distance of two kilometres (Dagg & Foster, 
1976) and distinguish colours (Backhaus, 1959). With such a well developed visual system 
visual cues are believed to play a role in their intra-individual communication. Giraffes produce 
minimal vocalisations that can be detected by the human ear, however they are believed to 
communicate via infrasound over long distances (Bashaw, 2003; Von Muggenthaler, 2013; 
Von Muggenthaler, Baes, Hill, Fulk, & Lee, 1999). Giraffes can perform olfactory 
discrimination between food sources (Pereira, 2013) but we have minimal knowledge of their 
use of smell or olfactory cues in social communication prior to the flehmen response by males 
when testing pheromones in female urine. With limited knowledge of giraffe perception and 
communication, researchers must be cautious in defining a meaningful group or social 
connection depending on the research question being asked (Carter et al., 2015) and consider 
that communication may be possible between observed social groups.  
The coats of giraffes are characterised by tan or brown patches on a lighter background. Coat 
patterns are individually unique, consistent through an individual’s lifetime, and thought to be 
at least partly heritable (Dagg & Foster, 1976). The blotched pattern is unique among ungulates 
and is believed to assist in camouflage by breaking up their obvious silhouette and blending 
individuals with the dappled shade from trees (Shorrocks, 2016). This function is particularly 
important for juveniles that are hidden by their mothers when they are very young and suffer 
high predation within their first year (Dagg, 2014; Muller, 2018; Shorrocks, 2016). It has also 
been suggested that the patches have a function in thermoregulation. Ackerman (as cited in 
Shorrocks, 2016) and Mitchell and Skinner (2004) proposed that patches may act as heat loss 
areas enabled by vasodilation of blood vessels under the patches. This theory remains largely 
untested but patches appear to have more sweat glands than the surrounding areas (Mitchell & 
Skinner, 2004) and thermography has shown that patches can radiate more heat (Kaspari, 
2008). Another theory is that while patches may act as heat loss windows, darker coloured 
patches may in fact hinder optimal heat transfer (Shorrocks, 2016). Brand (2007) compared 
patch colour and patch coverage on the body among populations of giraffes throughout Africa 
and found that females that lived in hot, dry and exposed habitats were paler coloured and had 
less dense patch coverage than those in cooler climates. She thus suggested that darker colours 
are selected against in hot dry climates. Mitchell et al. (2017) tested the importance of giraffes’ 
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body shape for their thermoregulation but did not include patch coverage or patch colour in 
their analysis. 
 
Figure 1.1: Examples of very pale and almost black giraffes 
 
These ideas about thermoregulation, while accounting for colour variation among populations, 
do not explain observed differences in patch colour among individuals or giraffes of different 
ages. As early as 1904 researchers observed that male giraffes become much darker than 
females as they age, with some males becoming almost black (Figure 1.1). Berry and 
Bercovitch (2012) and Lydekker (1904) also noticed that some adult bulls were much paler 
than others of a similar age. Brand (2007) noted the sexual dichromatism, the inter-individual 
variation and the potential thermoregulatory cost of maintaining dark colours in high insolarity 
environments. She hypothesised that, as dark colours may be costly to maintain, colour may 
function as an honest signal of male quality through the handicap principle. Thus, colour may 
be a secondary sexual characteristic used in male-male competitive assessment and female 
mate choice. Brand found support for this hypothesis in the Etosha National Park giraffe 
population (my study population). Darker males were dominant over paler males, regularly 
displacing them from groups and monopolising mating opportunities. Escalated fights 
(“necking”) were only observed between darker males and the darkest male was most often the 
victor. Darker males were also more successful in courtship interactions with females, more 
effectively encouraging females to urinate for urine-testing. Brand (2007) also found that 
darker males were more often alone and appeared to move over larger areas than paler males 
but anecdotally found that darker males suffered higher mortality towards the end of the dry 
season. Thus, she concluded that colour indeed functions in male-male competition and mate 
selection, and males of different colours may use different reproductive tactics. She was, 
however, unable to test the correlation between male colour and age. Berry and Bercovitch 
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(2012) examined the colour transition of 36 males as they aged to document milestones in 
males’ development. In their population males reached peak darkness (black patches) at an 
average age of 9.4 years and lived to 16 years. Inter-individual variation was controlled for in 
their study but was not analysed.  
Conservation status of giraffes 
Wild giraffes have declined by 40% in the last two decades and the species has recently been 
up-listed from “of least concern” to “vulnerable” on the IUCN red list (Muller et al., 2016). 
While my research provides no direct conservation outcomes, any improved understanding of 
the giraffe’s social system will increase the effectiveness of conservation strategies. There are 
currently nine recognised subspecies of giraffes, though recent literature argues that there 
should, in fact, be four distinct species recognised (Bercovitch et al., 2017; Fennessy et al., 
2016; Fennessy et al., 2017). Of the nine subspecies, four are decreasing (G. c. antiquorum, G. 
c. camelopardalis, G. c. reticulata, G. c. tippelskirchi), four are increasing (G. c. angolensis, 
G. c. giraffa, G. c. peralta, G. c. rothschildi) and one is stable (G. c. thornicrofti). The 
subspecies in this study is G. c. angolensis. There are numerous reasons for this decline, and 
the effects of these differ between populations. The four major threats identified are habitat 
loss, civil unrest, illegal hunting for bush meat and body parts, and ecological changes 
including mining activity, habitat conversion and climate-change induced processes (Muller et 
al., 2016). Conservation measures to protect giraffes include habitat management, education 
and community-based conservation, and translocations. In the last decade research to 
understand the natural behaviour of giraffes in wild populations has increased but more is 
needed. Understanding the dynamics of large, natural and nonthreatened populations of 
giraffes is required to inform best practice strategies for managing threatened populations and 
for successful translocations, as social factors can influence the success of translocated 
populations (Shier, 2006).  
Study site and population  
Etosha National Park is a 22,270 km2 fenced wildlife reserve situated in northern Namibia 
(Figure 1.2). The park is home to a plethora of plains species including lions, hyenas, elephants, 
rhinoceros Diceros bicornis and Ceratotherium simum, and numerous ungulate species. The 
park is characterised by temperate open plain savannah, dominated by hardy Acacia species, 
and dotted with ephemeral and perennial waterholes. Almost one quarter of the park (4,590 
km2) is covered by a large seasonally flooded saltpan. The climate of Etosha is typified by three 
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generally recognised seasons - the cold dry season from approximately May to September, the 
hot dry season from October to December and the hot wet season from January to April. The 
majority of the park’s yearly rainfall (320-400 mm, W. Versfeld as quoted in Brand, 2007) falls 
during the latter period, however timing of the rainfall within this period is rather unpredictable. 
During the dry seasons wildlife congregates around the larger perennial waterholes, easily 
accessible for viewing via roads. However, in the wet season the animals disperse between the 
abundant ephemeral water resources, making observation difficult. For this reason and the 
deterioration of road conditions in the wet season, I collected my data during the dry seasons. 
Data collection was conducted in a 1000 km2 area in the southern-central region of the park, 
around the Okaukuejo rest camp (Figure 1.2). This area encompasses eight broad plant 
communities and six main waterholes, accessible by a network of tourist and staff roads. Due 
to park regulations pertaining to safety and habitat protection, all vehicles were required to stay 
on designated roads and passengers were required to remain in their vehicles. Thus, all of my 
observations were made from inside my vehicle on roads. The Etosha wildlife are habituated 
to vehicles because of the large number of tourists that visit the park each year; thus they are 
easily observable from a safe distance without being disturbed. 
Figure 1.2: Map of Etosha National Park. Shown are the park boundary, roads, settlements, study area 
and waterholes within the study area. The location of the Etosha National Park within Namibia is 
highlighted by a red box.  
 
 
The Etosha giraffe population represents the largest extant population of the Angolan 
subspecies of giraffe (G. c. angolensis). This population is considered to be stable or increasing 
is size, making it an ideal system to examine the dynamics of a natural population that is not 
under threat. The most recent estimate of the Etosha population size is 3,172 individuals, with 
densities varying throughout the park depending on the density of vegetation (Kilian, 2015). 
The giraffes move freely around large home ranges within the park, following the availability 
Namibia 
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of water and suitable browse. Previous studies suggest that males move much greater distances 
than females (Brand, 2007).  
This population of giraffes was the subject of behavioural studies for three periods over a span 
of ten years prior to my project. The giraffes were first studied by Dr Rachel Brand in 2004-
2005, then by Dr Kerryn Carter in 2009-2010 and again by Dr Anne Goldizen in 2013. Dr 
Brand studied the inter-sexual variation in pelage colouration and how resource distribution 
influenced the mating system (Brand, 2007), Dr Carter focused her research on describing the 
fission-fusion social system (Carter, 2013; Carter, Brand, et al., 2013; Carter, Seddon, Carter, 
Goldizen, & Hereward, 2012; Carter, Seddon, et al., 2013) and Dr Goldizen focused on 
leadership and herd progression (A. Goldizen, personal comms.). All researchers collected data 
on group compositions, individual identification and individuals’ characteristics in the same 
way, thus I was able to combine data from each of these study periods in my thesis.  
Thesis objectives and outline 
The main objective of my PhD is to investigate how the characteristics of individuals and 
ecological factors may relate to individuals’ association decisions and their overall sociability 
patterns. Cross sectional data, collected during one time period, allows us to compare among 
individuals, but we cannot examine how changes in association behaviour relate to changes in 
characteristics. Cross sectional data also does not account for the effects that ecological factors 
may have on the way that individuals associate at a particular point in time. Thus, I collected 
data in two seven month periods in 2015 and 2016 and combined this with data previously 
collected on the Etosha National Park population in three periods over ten years (by Rachel 
Brand, Kerryn Carter and Anne Goldizen), allowing me to compare the sociability of the same 
individuals as they aged and interacted under differing ecological conditions. This thesis is 
made up of five chapters - a general introduction, three manuscripts written for publication in 
peer reviewed journals, and a final discussion and summary chapter. As the manuscripts have 
been written for independent publication there are some areas of overlap among them, 
particularly in the methods sections. All manuscripts are currently formatted for the journal of 
Animal Behaviour but they may not all be submitted to this journal for publication.  
In Chapter 2, I examine how social and ecological factors relate to group sizes and the 
likelihood of a group flux event (change in group composition). Few studies have examined 
observed group flux events in fission-fusion species or combined social and ecological 
variables when examining grouping behaviour. Therefore, this investigation presents a novel 
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approach to the understanding of group stability in fission-fusion systems and the factors that 
may drive individuals or subgroups to join or leave groups. I relate group size and stability to 
factors that may impact the risk of predation, group composition and the behavioural state of 
the group. I show that group size appears to be driven by ecological factors while fissions and 
fusions allow for smaller scale adjustments based on the social decisions of individuals.  
Chapter 3 explores the relationships between sex, age and sociability. I use males and females 
in the analysis and examine repeated sightings of individuals as they age, including individuals 
that ranged from juvenile to old adult (towards the end of their life span). I use metrics of 
gregariousness and social network position to evaluate individuals’ sociability and use 
travelling progressions to determine whether older individuals may play the social role of 
leaders. In doing so I am able to discuss the contrasting fitness constraints experienced by 
males and females and the resulting differences in aspects of their sociability, and the social 
patterns that males and females use to maximise fitness as they age.  
In Chapter 4 I take a deeper look at the sociability of male giraffes. The coat colours of male 
giraffes vary dramatically with age and among individuals. It is thus hypothesized that colour 
may function as an ornament that signals a male’s current physical condition. I was not able to 
test this hypothesis directly but tested two predictions that should hold if colour does function 
as a sign of condition. First, I use photographs of males collected over twelve years to examine 
whether all males increased equally in colour as they aged. Second, to investigate whether 
differences in association patterns may be related to the use of condition based alternative 
reproductive tactics I examine how males’ colours relate to their sociability. I show support for 
both predictions, adding evidence for the condition-based ornament hypothesis for male coat 
colour.  
Finally, in Chapter 5 I combine my findings from Chapters 2, 3 and 4 and contextualise these 
results in the broader literature on mammalian fission-fusion dynamics. Specifically, I discuss 
how my findings enhance our understanding of the complexity of individuals’ social decisions 
and how these decisions may affect an individual’s current reproductive success and lifetime 
fitness. I then discuss limitations that may have influenced my results and potential avenues 
for future research on giraffes and other species with fission-fusion dynamics. I finish with a 
discussion of how my results may be beneficial to the conservation of giraffes.  
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Chapter 2: Environmental and social influences on the stability and size of 
wild giraffe groups 
Abstract 
The occurrence of group composition changes in fission-fusion societies dictate the grouping 
patterns and dynamic structure of the population. Examining moments when changes in group 
compositions occur (flux events) provides an opportunity to investigate how social and 
environmental factors may influence individuals to join or leave groups. Despite this, previous 
work on fission-fusion species has mostly focused on observation of group sizes, rather than 
moments where flux events occur. Here we use data observed from 1019 groups of wild 
giraffes, Giraffa camelopardalis angolensis, 92 of which experienced a flux event while being 
observed, to examine factors that relate to both group size and fission or fusion events. We 
found that group size is related to period in the dry season, time of the day, distance to water, 
group composition and the behavioural state of the group. Although we tested the same 
variables against the likelihood of fission and fusions events, we found that fission events only 
relate to group composition while fusion events only relate to the behavioural state of the group. 
Predation risk is the only variable that is not related to group size or flux events. We suggest 
that group patterns in this population appear to be driven primarily by resource acquisition, 
while fission and fusion events allow smaller-scale adjustments based on individuals’ social 
priorities or behavioural states.  
Introduction 
In social species, the behavioural decisions of individuals contribute to their social grouping 
patterns, which in turn determine the social structure of the population (Croft, James, & Krause, 
2008; Wey, Blumstein, Shen, & Jordan, 2008). As a result, the behavioural decisions of 
individuals can have far-reaching consequences in terms of social organisation, mating systems 
and social interactions (Croft et al., 2008). The rate at which individuals change groups and the 
proportion of time that they spend with others also influences the flow and transmission of 
genes (Frere et al., 2010), disease (Hamede, Bashford, McCallum, & Jones, 2009), and 
information (Voelkl & Noë, 2008), with direct and indirect consequences for fitness (Cameron, 
Setsaas, & Linklater, 2009; Silk et al., 2010). Individuals’ behavioural decisions can be 
influenced by ecological variation in predation pressure and rainfall among other variables 
(Kelley, Morrell, Inskip, Krause, & Croft, 2011). Resource availability and predation risk, 
which vary in space and time, influence the trade-offs among safety, information sharing and 
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competition (Rubenstein & Wrangham, 1986). As such, grouping decisions and resulting social 
patterns are heavily dependent on environmental conditions, and an understanding of social 
systems in the context of environmental constraints is pivotal for understanding the evolution 
and ecology of social species (Fortin et al., 2009; Lehmann & Boesch, 2004).   
Dynamic grouping patterns, described as fission-fusion social dynamics (Aureli et al., 2008) 
allow individuals to tailor their group size to best exploit spatially and temporally shifting 
resources in heterogeneous environments (Aureli et al., 2008; Rubenstein & Wrangham, 1986; 
Smith, Kolowski, Graham, Dawes, & Holekamp, 2008). The maximisation of energetic 
benefits is a major factor driving spatial patterns and group size as individuals choose to group 
according to the available resources (Fortin, Fryxell & Pilote, 2002). For example, a study in 
Kenya found that the sub-group size of spotted hyenas, Crocuta crocuta, varies with prey 
abundance (Smith et al., 2008).  Group sizes of spider monkeys, Ateles geoffroyi and 
chimpanzees, Pan troglodytes, are also driven by resource availability (Chapman, Chapman, 
& Wrangham, 1995; Wrangham, Gittleman, & Chapman, 1993). 
Species with a high degree of fission-fusion dynamics, where social groups change regularly 
(Aureli et al., 2008), present a good model in which to examine the link between ecological 
factors and individuals’ grouping decisions. In these systems, a high level of social flexibility 
allows for rapid group restructuring in response to ecological variation. Recent work on a 
number of species with higher fission-fusion dynamics has demonstrated that associations 
between individuals can be driven by social and ecological factors (Cameron et al., 2009; A.J 
Carter, Macdonald, Thomson, & Goldizen, 2009; Lusseau, 2003; Silk et al., 2010; Silva, 
Ranjeewa, & Kryazhimskiy, 2011). Thus, studying social systems with frequent fission and 
fusion events and non-random association among individuals will give important insight into 
individuals’ grouping decisions and the causes and consequences of social living.  
The majority of previous work on fission-fusion social systems has focused on the sizes of 
groups and how these relate to the availability of resources (Brand, 2007; Chapman et al.; 
Henzi, Lusseau, Weingrill, Schaik, & Barrett, 2009; Smith et al., 2008; Symington, 1988), 
rather than examining the determinants of group composition changes or ‘group flux’ events 
(but see Busia, Schaffner, & Aureli, 2017; Fortin et al., 2009; Kelley et al., 2011). While 
studying group size is important in understanding competition and resource use, for instance, 
it does not provide complete understanding of the fission-fusion process. For example, 
individuals’ social motivations may change with their physical condition or, as in the case of 
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male African elephants, Loxodonta Africana, their reproductive state (Goldenberg, De Silva, 
Rasmussen, Douglas-Hamilton, & Wittemyer, 2014). In their study, Goldenberg et al. (2014) 
observed that the companions that male elephants sought varied depending on their 
reproductive state. Therefore, their grouping decisions and likelihood of being involved in a 
group flux event will likely vary with their state and group size and stability may be related to 
males’ reproductive state.  
The energetic needs of individuals will change with their physical condition, as is the case for 
low-ranking chimpanzees, who seek out and consume more meat when they are pregnant than 
when they are lactating or not pregnant (O'Malley et al., 2016). Additionally, sexual 
segregation and sexual dimorphism may influence the association decisions of males and 
females differently, both in terms of their resource requirements and potentially their 
reproductive and social decisions. As such, grouping decisions differ among individuals and 
through time. Individuals may choose to stay in a group or move based on benefits and risks, 
which vary in space and time, and the decisions will vary across individuals. Studying the 
determinants of group size only takes a static approach to what is a dynamic process and may 
miss the complexity of the grouping decisions that individuals are making. To gain a deeper 
understanding of the relationships among environmental constraints, individuals’ sociability 
patterns, and grouping patterns, it is necessary to study the determinants of both group size and 
the individuals’ decisions that cause group fluxes.  
For individuals of most social species, maximising energetic benefit is not the only ecological 
factor influencing grouping decisions. Prey species must also consider the trade-off between 
energy intake and anti-predator defence (Burger & Gochfeld, 1992). Predation risk varies 
spatially and temporally, creating peaks and troughs of risk for prey species, known as a 
“landscape of fear” (Laundré, Hernández, & Ripple, 2010). Prey species can respond to this 
landscape by altering their behaviours at different risk levels (Kelley et al., 2011). By forming 
large groups in environments with a high risk (perceived or actual), individuals can benefit 
from anti-predator defences including increased vigilance across the group for early detection 
of predators (Bertram, 1980) and the dilution effect, whereby individuals’ predation risk 
decreases as a function of group size (Duncan & Vigne, 1979). Prey species can also avoid 
areas of particularly high risk (Valeix, Fritz, et al., 2009). This heterogeneity of risk across 
environments may also influence the likelihood of an individual changing groups. For example, 
in risky environments individuals may be reluctant to change groups due to the dangers of 
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spending time alone or in small groups (Kelley et al., 2011), so one would expect fewer changes 
in group compositions in high risk environments. Similarly, predation risk is not even for all 
individuals in a population. Young, elderly or injured individuals are at a higher risk and thus 
may choose to remain in groups to minimise predation risk, potentially at the cost of resource 
acquisition.   
The benefits of grouping, however, must be weighed up against multiple costs to individuals, 
and these may differ between individuals. Being in a larger group increases competition for 
resources, aggression between conspecifics and susceptibility to parasites and diseases (Krause 
& Ruxton, 2002). Adult males commonly adopt a roving strategy in populations where 
potential mates are unpredictably distributed (Clutton-Brock, 1989). In these populations, 
resource acquisition and predator avoidance, as well as mating opportunities and the avoidance 
of potentially costly dominance interactions, will influence males’ grouping decisions. 
Females, on the other hand, have been shown to benefit from the maintenance of social bonds 
(Cameron et al., 2009; Silk et al., 2010), so it may be advantageous for females to maintain 
contact with familiar individuals to retain social relationships. Grouping can also be costly 
when, for example, an individual must give up a feeding patch or time resting to maintain 
contact when the group decides to travel (Fortin et al., 2009). Individuals must therefore decide 
how best to balance ecological factors with their social and other needs. Observing instances 
where group composition changes can lead to a deeper understanding of the fission-fusion 
process and how patterns may shift spatially and temporally. 
The social system of giraffes is characterised by high fission-fusion dynamics and a male 
dominance-based polygynous mating system. Their social network structure includes non-
random associations between individuals (Bercovitch & Berry, 2013; Carter, Brand, Carter, 
Shorrocks, & Goldizen, 2013). Despite regular and long-term associations having been 
recorded between some females, mean association rates are relatively low, and even the most 
closely associated individuals are not regularly observed in the same groups (Carter, Brand et 
al., 2013). The presence of non-random associations and a highly flexible social system make 
giraffes an ideal species for investigating the relationships among social factors, environmental 
constraints and fission-fusion dynamics.  
This study examines both group sizes and observed flux events (fissions and fusions) recorded 
from a large population of wild giraffes, Giraffa camelopardalis, in Etosha National Park, 
Namibia, to investigate how environmental factors and group composition influence 
 Chapter 2 45 
individuals’ grouping decisions. Previous study on this population has demonstrated that group 
sizes change as a function of food and water availability (Brand, 2007); however, how 
predation risk and group composition relate to group size and the likelihood of fissions and 
fusions have not been examined. Therefore, we focus primarily on environmental factors that 
may influence the giraffes’ landscape of fear and include group composition, which is likely 
to influence group stability. Lions, Panthera leo, are the only predator of adult giraffes (Dagg, 
2014) and more than 10% of individuals in a study in the Serengeti National Park bore evidence 
of having survived a lion attack (Strauss & Packer, 2013). Etosha National Park has a large 
population of lions (~500, Bauer et al., 2015) and giraffes are among their prey items 
(Namibian Ministry of Environment and Tourism unpublished data; A. W. Goldizen, personal 
comms). The exact predation risk for giraffes in Etosha is currently unknown but lions have 
been observed to attack adult and juvenile giraffes during daylight hours (M. Castles, R. Brand, 
A. Goldizen, personal observations). 
Our research object was broken into two aims. To understand the relationship between group 
composition, environmental risk factors and giraffe grouping decisions, we examined how time 
of day (Schaller, 2009), distance to water (Davidson et al., 2013), landscape risk and group 
composition related to the sizes of giraffe groups (Aim 1). To investigate how group 
composition and environmental risk are related to the stability of groups, we examined whether 
these factors and the size of groups related to the probabilities of fission and fusion events 
occurring (Aim 2). We predicted that group size and group stability, measured by the 
occurrence of fission and fusion events, would increase as a function of predation risk. 
Specifically, in habitats or at times of day when predation risk is high, we expected larger 
groups and a lower rate of fission and fusion events. We also expected that male groups would 
be less stable than female groups because males do not appear to have preferred associates 
(Carter, Brand et al. 2013) and larger groups would be less stable than smaller groups. 
Methods 
Study site and population 
We studied wild giraffes in the Etosha National Park (hereafter referenced to as Etosha), a 
22,270 km2 fenced reserve in the semi-arid region of Northern Namibia (19°10 S, 15°54’ E). 
The park is characterised by temperate open plain savannah, dominated by Acacia species, and 
dotted with ephemeral and perennial waterholes. Almost one quarter (4,590 km2) of the area is 
covered by a saltpan that can be inundated with water during the annual wet season (December 
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to April). At the last estimate Etosha was inhabited by 3,200 of the Angolan subspecies of 
giraffes, G. c angolensis, at a density of 0.17/km2 (Namibian Ministry of Environment and 
Tourism 2016, unpublished data), though this density varies widely throughout the park 
depending on water availability and vegetation type.  
We collected data between April and November 2015 and 2016 in an approximately 1000  km2 
area around the Okaukuejo Rest Camp situated in the central area of the park.  This area 
encompasses grassland, steppe, scrub and tree savannah habitats (Namibian Ministry of 
Environment and Tourism, unpublished data). We observed 491 identified individuals 
interspersed throughout these habitats.  
Data collection 
We covered the sampling area using four road transects of approximately 65 km each, 
encompassing all vegetation types and six major waterholes. Transects were driven during two 
sampling periods, from dawn to completion of the transect and from 1400 h to dusk, or 
completion, whichever occurred first. Due to park regulations all observations were made from 
inside a vehicle on staff and tourist roads. Data were not collected in the middle of the day as 
giraffes were usually resting in the shade and more difficult to find, identify and observe. 
Transects were semi-randomly sampled such that there was even sampling of each transect in 
each direction and sampling period. Transects were not sampled more than once in a 24 hour 
period, reducing dependence among observations as the composition of groups can change 
within a matter of hours (Leuthold, 1979).  
During transects, we drove until a group was encountered, then stopped and remained with the 
group to record behaviour and group composition data (median 10, IQR 7 – 12 mins). This was 
the minimum time required to accurately record all individuals present and a trade off between 
watching one group for an extended period of time and recording data on a large number of 
groups. Groups were defined using the same method applied to this population by Carter et al. 
(2013) and Brand et al. (2007); a group was one or more giraffes foraging or travelling together, 
generally moving in the same direction. As also previously observed by Carter et al. (2013), 
groups were generally easy to identify as the distances between individuals within a group were 
substantially smaller than those between groups. Groups were defined as either male only, 
female only or mixed sex. Juveniles were recorded but excluded from group size counts as they 
were generally hidden or move with their mother, and their sex is difficult to determine (Muller, 
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2018). All individuals in a group were considered to be associating equally and solitary giraffes 
were recorded as groups of one.  
Fission-fusion events were recorded ad libitum while observing groups. Fission events were 
defined as a subgroup of one or more individuals moving further than 400 m away from the 
remaining individuals of the original group. Fusion events were defined as one or more 
individuals, not originally defined as part of the group, coming within 400 m of at least one 
member of a group and adapting the same behavioural state or direction of travel. Instances 
where groups crossed paths but continued in different directions were not recorded as fissions 
or fusions. All potential fission and fusion events were observed until a clear change in group 
composition could be confirmed, which generally occurred within a matter of minutes. On 
occasions where we observed more than one fission or fusion event in one group, only the first 
event was included in the analysis, to maximize independence of events.  
Table 2.1: Description of behavioural classes for observed groups. Behavioural classes were allocated 
based on the behaviour of the majority of the group for the majority of the time observed. 
Behavioural class Description 
Resting Stationary, standing or sitting; not feeding; minimal vigilance; may be 
ruminating 
Travelling Walking or running in a single direction, not including steps taken while 
foraging 
Drinking Within 200m of a water source with at least one individual of a group either 
with their head lowered drinking or their head raised between drinking bouts. 
This thus includes group members near the water source who are being 
vigilant and/or socialising while others drink.  
Foraging Feeding or searching for browse 
 
Groups and fission-fusion events were observed by eye using 10 x 42 binoculars where 
necessary. For each observed group we recorded the predominant vegetation type of the area 
being used, the percentage of vegetation present that was dense enough to hide a lion, and the 
ground substrate. We also recorded the time we arrived and left, group size, and the giraffes’ 
predominant behavioural state, which was defined as the behaviour of the majority of the group 
for the majority of the time observed (Table 2.1). Individuals could be identified by their unique 
spot patterns and were photographed using a digital SLR camera and 500 mm telephoto lens 
for future identification. To establish the location of each group we recorded the GPS point of 
the vehicle and the distance and bearing to the centroid of the group from the observer. To 
determine the exact location of each group, we adjusted the GPS coordinates using the recorded 
distance and bearing from the vehicle. The corrected GPS coordinates were projected in the 
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Global Imaging Systems software package QGIS (QGIS Development Team, 2016) using the 
1984_UTM33 projection. 
Data were collected under research/collecting permit numbers 2005/2015 and 2107/2016 from 
the Namibian Ministry of Environment and Tourism. Ethics approval was given by the 
University of Queensland Animal Ethics Board (approval number SBS/439/14). 
Calculation of landscape risk 
We included three measures of risk in our analysis: time of day, distance to the nearest 
waterhole, and the predation risk level of the habitat a group was in. Lions are more active and 
more likely to hunt at night and around dawn and dusk (Schaller, 2009; Stander, 1992), 
especially in environments with low vegetation cover (Stander, 1992). Therefore we calculated 
the minutes from sunrise and to sunset for each observation and used the lowest of these in 
analyses. Groups encountered in twilight before sunrise or after sunset were given a time of 0 
(N = 76, 7% of groups). The distance of each group to the nearest waterhole was measured 
using spatial analysis tools. Risk was hypothesised to increase towards water because lions are 
most common near to water (Davidson et al., 2013). 
Group size likely relates to both aggregation on resources and grouping to minimise risk in 
dangerous environments. Including a landscape risk factor specific to each group sighting in 
our model, which reflects the perceived risk associated with that location, allows us to 
disentangle some of the effects of grouping aggregation at resources and grouping to reduce 
predation risk.  The density of vegetation has a large influence on the success of lion hunts and 
the risk to prey as vegetation can provide cover for a lion from which to ambush (Hopcraft, 
Sinclair, & Packer, 2005; Schaller, 2009). Uneven landscape features, including human-made 
features such as culverts and gravel pits also provide cover for an ambush (Hopcraft et al., 
2005). The success of an ambush may also be related to ground substrate, which can affect 
speed and manoeuvrability and hence the prey’s ability to evade a predator (Clemente & 
Wilson, 2015; Collins, Self, Anderson, & McBrayer, 2013). As perceived risk from a giraffe’s 
unique perspective is largely unknown, we approximated risk by creating a landscape risk 
index based on these three factors. We considered that environments that had more than 10% 
vegetation cover would sufficiently increase the risk of lion attack, as would the presence of 
landscape features including sand dunes, culverts or gravel pits/mounds. Sand and rock 
substrates were considered more risky than other substrates because a giraffe may lose its 
footing or struggle to move quickly in the event of an attack (Table 2.2). We did not know how 
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these factors interacted with each other or which may be more important, so we weighted all 
factors equally and summed them to give groups a landscape risk index from 0 to 3. If none of 
these risk factors were present in the vicinity of the group we gave the group an index of 0 and 
if all risk factors were present a group was given a score of 3. Wooded areas have been 
associated with higher vigilance (Underwood, 1982), and actual predation rates by lions 
(Hopcraft et al., 2005) and vegetation height may influence a giraffe’s ability to detect a 
predator. Our preliminary analysis included vegetation structure (low, short branching or tall 
wooded); however, we found that this had a very strong relationship with both our landscape 
risk index, which includes vegetation cover (Kruskal-Wallis, N = 1026, DF = 3, chi2 = 34.09, 
p = <0.01), and groups’ behaviour states (Kruskal-Wallis, N = 1026, DF = 3, chi2 = 27.01, p = 
<0.01), so we chose to remove it from further analysis.  
Table 2.2: Landscape factors that make up the landscape risk index. For each group the number of high 
risk factors was summed to give an index ranging from 0 to 3.  
Risk factor Low risk High risk 
Vegetation cover to hide a lion <= 10% >10% 
Culvert, gravel pit, gravel pile Not present Present 
Ground substrate Other substrates Rock, sand 
 
Statistical analysis 
Statistical analyses for each of our aims were conducted in the statistical environment R (R 
Core Team, 2013). To address Aim 1, we investigated the relationship between group size and 
environmental variables and group composition using a generalised linear model with a 
truncated negative binomial error structure and a log link function in the glmmADMB package 
(Fournier et al., 2012). We used group size as the response variable and included minutes to 
dawn or dusk, distance to the nearest waterhole, landscape risk scores and group composition 
as fixed effects. To control for other possible determinants of group size we also included dry 
season period (early: April–July or late: August-November) and the group’s behavioural state. 
To control for possible sampling bias caused by observing larger groups for longer periods as 
it takes longer to collect the data, we included the number of minutes spent with each group. 
We tested the fit of the model by calculating the dispersion factor and comparing our model to 
a null model using a log-likelihood test. To identify variables that were strong predictors of 
group size, we used an information theoretic approach to compare candidate models. Our 
candidate model set included all possible combinations of the predictor variables, with time 
spent with group forced as a predictor in all models. We used Akaike’s Information Criterion 
to rank models in terms of explanatory power. To determine the relative importance of each 
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variable, we conducted model averaging across the set of models whose Akaike weights 
totalled 95%. We then summed the individual Akaike weights for each variable cross the set. 
Individual variables were considered to be important predictors if they had a relative variable 
importance (summed Akaike weight) of ≥ 0.90. 
To investigate the probabilities of fission and fusion events as a function of environmental risk 
(Aim 2) we used two separate generalised linear models with binomial error structures and 
logit links. Presence or absence of a fission or fusion event in observed groups were used as 
the response variables and we included group composition, distance to water, minutes to dawn 
or dusk and landscape risk score as fixed effects. The variables group size, dry season period 
(early or late) and behavioural state were included as fixed effects to control for other possible 
influences on the probability of group fissions and fusions. For this analysis group size refers 
to the size of the original observed group before a fission or fusion. Time with group was again 
included to control for sampling bias. Solo individuals (groups of one) were removed from 
both models (N = 410, 40% of groups) because it is not possible for a group of one to fission 
so their inclusion would artificially decrease the likelihood of a fission while not affecting 
fusions. We observed no fusion events for resting groups, and as the model cannot produce an 
accurate standard error when no data is available, we removed all resting groups from the 
model (N=30, 3% of groups). We observed three fissions for resting groups but also removed 
resting groups from the fission model to allow comparability between the models. To test the 
fit of the model we performed a Hosmer-Lemeshow goodness of fit tests using R package 
generalhoslem (Jay, 2017). This test compares observed with expected frequencies of binomial 
models and computes a test statistic that is distributed according to the chi-squared distribution. 
We also ran a log-likelihood test comparing each model to a null model as in Aim 1. We 
conducted model averaging using the same procedure as for Aim 1 to determine the relative 
importance of each variable for fission-fusion events.  
Results 
We recorded 189.7 hours of data on 1054 groups ranging in size from 1 to 18 individuals 
(median = 2, IQR = 1, 4). Fission or fusion events were recorded in 92 of these groups 
(frequency = 0.09 and 0.33 flux events/hour). Groups were recorded in all available habitat 
types, with open plains (24%) and Acacia nebrownii shrub savannah (20%) the most common. 
Thirty-five percent of groups were within two kilometres of water, where risk of lion attack is 
higher (Davidson et al., 2013). Forty-two percent of groups were given landscape risk scores 
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of 0, 43% a risk of 1 and 10% a risk of 2, with just 0.2% of groups given a risk score of 3. 
Groups were recorded between -24 and 253 minutes to sunrise or sunset (though those before 
sunrise or after sunset were classed as 0 for analysis).  
Factors relating to group size 
The most parsimonious model for predicting group size (Q1) contained all explanatory 
variables except for landscape risk (Table 2.3, log-likelihood = -1525.60, N = 1019, DF = 11, 
AIC = 3073.5, I = 0.00, wi = 0.87). The next best estimated model included all variables (log-
likelihood = -1525.53, N = 1019, AIC = 3077.4, I = 3.96, wi = 0.12) but was 3.96 times less 
likely to the best approximating model than the first. Beyond this model all others had 
weightings below 0.01. As two models accounted for over 95% of the weight our confidence 
set included just these two models (Table 2.3). From this we could conclude that behavioural 
state, group type, minutes to dawn/dusk, distance to water, and time of year were all strong 
predictors of group size as they were in both models (Figure 2.1).  
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Figure 2.1: Relationships between strong predictor variables (Relative importance score > 0.90), and 
group size.  (A)  group composition, (B) behaviour state, (C) Time of year, (D) time of day, (E) distance 
to water. Points depict raw data. Box plots indicate the median and interquartile range (IQR) with 
whiskers showing 1.5 times the IQR. Data outside of this range are shown as points.
A 
C D 
B 
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Table 2.3: Model-averaged coefficient estimates, 95% confidence intervals, relative importance and model occurrence of variables that relate to the probability of a fission, 
probability of a fusion and group size. Confidence intervals that do not include zero estimates effects and variables with relative importance of above 0.90 are in bold.  
 Group size (N = 1019) Probability of a Fission (N = 603) Probability of Fusion (N = 603) 
Variable Estimate 
95% 
confidence 
Interval (±) 
Relative 
importance 
of variable 
Models 
including 
variable Estimate 
95% 
confidence 
Interval 
(±) 
Relative 
importance 
of variable 
Models 
including 
variable Estimate 
95% 
confidence 
Interval (±) 
Relative 
importance 
of variable 
Models 
including 
variable 
Intercept 0.628 0.225   -2.473 1.71   -2.407 1.349   
1. Group size NA NA NA NA 0.088 0.112 0.53 30 -0.034 0.147 0.27 22 
2. Minutes with group 0.014 0.003 1 2 (forced) 0.007 0.032 1 53 
(forced) 
0.044 0.024 1 56 
(forced) 
3. Distance to water <0.001 <0.0001 1 2 <0.001 <0.001 0.83 32 <0.001 <0.001 0.41 24 
4. Minutes to sunrise/set -0.002 0.001 1 2 -0.005 0.007 0.49 27 0.002 0.008 0.26 22 
5. Landscape risk   0.12 1   0.51 26   0.14 17 
 Class 0 - -   -    -    
 Class 1 -0.015 0.088   -0.497 0.725   -0.253 0.828   
 Class 2 -0.019 0.144   -1.321 1.563   0.617 1.6   
6. Group Type   1 2   1 53   0.11 14 
 Female only - -   - -   - -   
 Mixed 0.758 0.085   1.669 1.143   -0.244 1.534   
 Male only -0.824 0.176   1.151 0.853   -0.254 0.771   
7. Behavioural state   1 2   0.43 30   0.92 43 
 Foraging 0.318 0.212   -1.146 1.289   -1.677 1.253   
 Resting 0.28 0.268   NA NA NA NA NA NA NA NA 
 Travelling 0.112 0.219   -1.289 1.401   -0.795 1.229   
 Drinking - -   - -   - -   
8. Dry season period   1 2   0.55 29   0.25 22 
 Early - -   - -   - -   
  Late  -0.202 0.086     -0.663 0.752     -0.041 0.803     
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Factors relating to fission and fusion events 
We found considerable model uncertainty in both models testing the relationships between flux events 
and environmental risk factors, and group behaviour (Table 2.3). For our fission model the best 
estimated model had an Akaike weight of 0.04 and 53 models were in the confidence set. Group 
composition was the only variable with a relative importance score over 0.9. It was in all models in 
the confidence set and so had an importance score of 1 (Table 2.3). Groups of females were the least 
likely to fission, followed by male groups, and mixed groups were the most likely (Figure 2.2a). The 
best estimated model for the probability of a fusion had an Akaike weight of 0.14 and 56 models were 
included in the confidence set (Table 2.3). Behavioural state appeared in 42 models, had a weight of 
0.93, and was the only explanatory variable with a relative importance score over 0.9. Fusions were 
most common in drinking and then travelling groups (Figure 2.2b). 
 
 
Figure 2.2: Relationships between (A) group composition, the only strong predictor variable of the probability 
of group fission and (B) behavioural state, the only strong predictor variable of group fusion. 
 
Discussion 
Resource distribution is known to be an important driver of animal grouping decisions (Asensio, 
Korstjens, Schaffner, & Aureli, 2008; Chapman & Chapman, 1999; Chapman et al., 1995), however, 
the influences of other likely contributing factors, such as predation risk and behaviour, are less well 
known for giraffes. In this study we investigated how environmental variables and the composition 
of and behaviour of groups related to grouping decisions. We first tested how these factors related to 
group size. We then took a novel, but more targeted, approach to understanding grouping decisions 
by modelling these same variables against the observed presence or absence of group fission and 
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fusion events to understand what factors might drive these decisions at the exact point that they occur. 
We found that group composition, behavioural state, time of the year, time of day and distance to 
water were all important influences on giraffes’ group sizes. The only variable that was not important 
was landscape risk. We recorded one flux event for every three hours of observation and equal 
numbers of fissions and fusions were recorded, but interestingly the factors that were important 
explanatory variables for each differed. Fissions were best explained by group composition while 
fusions were best explained by behavioural state alone. These results suggest that group size is likely 
influenced by environmental variables, appearing to be mostly resource driven, while fission-fusion 
dynamics allow for small-scale adjustments in groups relating to social preferences which may vary 
with behavioural state (Gero, Bejder, Whitehead, Mann, & Connor, 2005). The landscape of fear, 
created by the risk of lion predation, as we have quantified, it appears to have had minimal influence 
on our giraffes’ grouping patterns.  
Group size 
Group size in mammals generally has been found to relate to resource distribution (Chapman et al., 
1995), predation pressure (Fels, Ap Rhisiart, & Vollrath, 1995; Treherne & Foster, 1980) and 
sociability (Lehmann, Korstjens, & Dunbar, 2007). Here we found that all of these factors may have 
contributed to the group sizes of our giraffes but predation pressure had the least effect. The variables 
with the strongest effects on group size were group composition, behavioural state and time of the 
year. Time of year, and associated rainfall, have been well established to influence grouping patterns 
of savannah ungulates (Hillman, 1987; Rodgers, 1977), including giraffes (Brand, 2007; Wolf et al. 
2018). For the same Etosha National Park population, Brand (Brand, 2007, Chapter 3) showed that 
groups were largest in the wet season and then decreased through the dry season as resources became 
limited and food patches could not support large groups. Our results replicate those findings. We 
found travelling and foraging groups were largest, and mixed groups tended to be larger than single 
sex groups. Resources in Etosha tend to be patchy, with flowering seasons varying among plants 
(Brand, 2007, Chapter 3). Our group size patterns suggest that giraffes aggregate to feed as resources 
become available. Areas with dense vegetation are higher risk so these large groups could also 
represent an element of grouping for safety, as was suggested by Creel et al. (2014). However, we 
did not find an effect of environment (as measured by the risk index), which would be expected if the 
landscape of fear was driving group size in this population. Additionally, travelling groups, which 
are often in safe open plains areas, were also large. We found some evidence of risk influencing group 
size as group size increased slightly towards riskier times of day and closer to waterholes, where 
attacks are likely more common (Valeix, Loveridge, et al., 2009). However, we cannot separate these 
effects from other possible explanations. Groups may increase in size towards water because water is 
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limited and thus larger groups closer to water may be simply due to aggregation at scarce resources 
(Ayeni, 1975; Ritter & Bednekoff, 1995). The effect of time of day may be a correlation with activity 
budgets. For example, giraffes preferring to feed or travel earlier in the morning and late in the 
evening when it is cool and rest in smaller groups as the day warms (Fennessy, 2009).  Without any 
significant effect of the risk index, we cannot support our hypothesis that a landscape of fear is 
influencing giraffes’ group sizes.  
Fission and fusion events 
Group flux events allow individuals to change their associates to best benefit from being gregarious 
at a particular point in space and time (Chapman et al., 1995; Smith et al., 2008). The composition of 
giraffe groups has been reported to change at most as often as hourly (Leuthold, 1979); our finding 
of one flux every three hours of observation are in line with these findings. We expect that we may 
have recorded more flux events had we stayed with each group for an extended period of time, but 
we traded this off with recording a larger number of groups. Despite the small number of group flux 
events observed, our results suggest that flux decisions are based on behavioural factors more than 
resource acquisition or predation pressure and that the drivers of fissions and fusions are different.  
Fissions were influenced by group composition, with female groups the most stable (least likely to 
fission) and mixed groups the least stable. Fissions occur when the interests of individuals in a group 
differ and the costs of associating become higher than the benefits for a particular individual or 
individuals (Hart & Van Vugt, 2006). Female mammals tend to associate with like conspecifics; for 
example by age, (Wey & Blumstein, 2010), reproductive status, (Kerth & Konig, 1999; Wey, Burger, 
Ebensperger, & Hayes, 2013) or kin, (Wiszniewski, Lusseau, & Möller, 2010). In a number of species 
with high fission-fusion dynamics, females maintain long-term bonds with known individuals 
(eastern grey kangaroos, Macropus gigantus, Best, Dwyer, Seddon, & Goldizen, 2014, bottlenose 
dolphins, Tursiops sp., Lusseau et al., 2006 and giraffes, Carter, Brand et al., 2013). Thus, stable 
groups of female giraffes are likely made up of females with similar energetic requirements that are 
familiar with one another and receive benefits from staying together. Mixed groups, on the other 
hand, were the largest and least stable. Our largest groups were recorded while they foraged, so mixed 
groups may sometimes be made up of a combination of smaller, more stable, social groups 
aggregating on a resource. However, we observed the fewest group fusions while groups were 
foraging, so groups may have joined while travelling to a resource. Additionally, male giraffes 
employ a roaming reproductive strategy to find receptive females (Fennessy, 2009; Pratt & Anderson, 
1985) and there is a dominance hierarchy among males (Pratt & Anderson, 1985). Thus, some fissions 
in mixed herds may occur when males leave a group in search of more females, or when a dominant 
bull approaches, sometimes displacing subordinate males. Preferred associates and long-term bonds 
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have not been recorded between male giraffes despite the presence of all-male groups (Bercovitch & 
Berry, 2013; Carter, Brand et al., 2013). Instead, male groups appear to be made up of younger males 
following older individuals to learn about the environment before they go out on their own in search 
of females, as suggested by Bercovitch and Berry (Bercovitch & Berry, 2014). The different interests 
of males of varying ages in these groups, and the potential for conflict or aggression between those 
that are of similar age, may lead to less stability and a higher rate of fission in groups containing 
males.  
In contrast to group fissions we found that fusions were not related to group composition but to 
behavioural state. We found a higher proportion of fusions while giraffes were drinking and 
travelling. As our data on group size suggests that resource acquisition is more influential than 
predation pressure on grouping patterns, we suggest that fusions may be more likely be the result of 
encounters where groups or individuals find each other en route to or at a resource, rather than a 
response to higher risk. Giraffes are known to travel long distances to browse or drink and these 
journeys regularly cross open plains where visibility is high (Goldizen and Castles, unpublished 
observations). Giraffes are believed to have extremely good eyesight (Mitchell, Roberts, Sittert, & 
Skinner, 2013) and have a high perspective to view from. Thus they may be able to spot acquaintances 
at a large distance and choose to travel together simply for company or for protection, though plains 
habitats are considered of lowest risk (Valeix, Loveridge, et al., 2009). Waterholes are considered 
high risk (Davidson et al., 2013) and giraffes are well adapted to arid environments, visiting water as 
little as once a week in particularly arid areas (Dagg, 2014; Fennessy, 2009). Despite this, giraffes 
visit water as often as daily in Etosha and do not leave straight after drinking like other plains species 
but often mill around the water’s edge (Goldizen and Castles, unpublished observations). This 
suggests that in this population waterholes may be used as focal points for socialisation or meeting 
points, ("meeting point hypothesis", Fréon & Dagorn, 2000). The meeting point hypothesis is used to 
explain the behaviour of fish such as the bigeye scad, Selar crumenophthalmus (Soria, Dagorn, Potin, 
& Fréon, 2009), aggregating around floating pieces of wood known as “fish aggregation devices”, 
likely to increase their encounter rate with conspecifics. However, in the case of the Etosha giraffes 
meeting points are fixed. Indeed, Brand et al. (2007), found that in this population there were higher 
rates of encounters between previously un-associated giraffes, as well as mating and agonistic 
interactions, at perennial waterholes than away from them.  
While we found minimal evidence that predation risk affects giraffes’ grouping patterns, we cannot 
rule out an influence of predation pressure. Our data were recorded over two dry seasons in two 
particularly dry years (Namibia Ministry of Environment and Tourism unpublished rainfall data). 
During drought times the quantity and quality of available browse decreases and animals must devote 
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more energy to maintaining condition (Coe, Cumming, & Phillipson, 1976). Thus, the need to invest 
in acquiring nutrition may have overridden any influence of predation pressure during these 
particularly hard times (Riginos, 2015). Alternatively, while we know that giraffes are a prey species 
of lions, they are often not the most preferred species (Davidson et al., 2013; Hayward & Kerley, 
2005). Thus predation risk may not have been high enough for us to record an effect, as was the 
conclusion when the reintroduction of wolves in Yellowstone National Park did not influence the 
behaviour of bison, Bison bison (Hernández & Laundré, 2005). Additionally, most predation occurs 
at night thus anti-predator behaviour may be higher after dark when we were not recording. Finally, 
giraffes have a particularly unique view on the world and we have not, as yet, been able to quantify 
their sensory environment. In addition to their good eyesight and unparalleled vantage point, it is 
strongly believed, but not fully proven, that giraffes communicate via infrasound in a similar manner 
to African elephants (Dagg, 2014). If this is the case, giraffes may be communicating over large 
distances in ways that we cannot hear, and groups may actually represent sub-groups in a large, 
spread-out but communicating group. Giraffes’ sense of smell is largely unknown but may have a 
strong influence on their risk response. As we do not fully understand how they interact with the 
environment we cannot know how accurate our risk index was and thus, to fully quantify how risk 
influences giraffe grouping patterns, we first need to fully understand how they perceive the 
environment.   
Fission-fusion social dynamics allow individuals in social groups to tailor their grouping decisions to 
maximise their benefits in a particular time and space (Couzin & Laidre, 2009). The majority of work 
on understanding the causes and consequences of fusion-fusion dynamics has been based on observed 
group sizes rather than on the specific points when group flux events occur. Our results suggest that 
this method is flawed as different factors influence group size when compared with group stability. 
In this population, group sizes are heavily influenced by the availability of resources while fissions 
and fusions allow for instant small-scale adjustments of group sizes based on the requirements of 
individuals. Thus, studying group sizes alone does not provide a complete picture of the drivers of 
fission-fusion dynamics. We therefore advocate for the recording and analysis of group flux events 
in a greater range of taxa with fission-fusion dynamics to determine whether this pattern is consistent. 
In doing so we may gain insights into the pathway through which this flexible form of sociality 
evolved. We found no evidence of a landscape of fear influencing giraffe grouping patterns, however 
we may not be able to completely understand this relationship until the sensory environment of 
giraffes is better understood.   
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Chapter 3: Leaders and loners: Age- and sex-related changes in the social 
environment of wild giraffes 
Abstract 
Flexible fission-fusion social systems allow individuals to tailor their association and grouping 
choices to maximise the benefits they gain from socialising in spatially and temporally heterogeneous 
environments. Individuals’ requirements, and hence the specific benefits they receive, are likely to 
change over time based on their age and sex, resulting in different association and grouping choices 
throughout their lifetime. Understanding how individuals’ social patterns change requires 
longitudinal datasets with repeated sightings of individuals, but these studies are rare for species with 
fission-fusion dynamics. Here we use a dataset spanning 12 years to examine how the social patterns 
of male and female giraffes, Giraffa camelopardalis, change from juvenile through to old age. 
Specifically, we relate age and sex to the gregariousness and social positions of individuals in a 
network. We then examine whether older individuals are followed by younger conspecifics, which 
may gain knowledge about the environment by doing so. We found that individuals’ sociability 
generally decreased with age, but the way in which this occurred differed significantly between the 
sexes; males were found in increasingly smaller groups while females did not change group sizes but 
appeared to change associates. Old males (>15 years) were substantially less social than all other 
age/sex classes while old females were leaders of progressions. Our results highlight the contrasting 
behavioural and social strategies used by male and female giraffes, and that the association patterns 
of giraffes change as individuals age.  
Introduction 
In most mammal species, individuals gain short- and long-term fitness benefits from associating or 
interacting with others for at least part of their lives (Krause & Ruxton, 2002). Being gregarious 
benefits individuals through increased protection from predators, increased mating opportunities and 
providing opportunities for information transfer among individuals (Alexander, 1974; Thornton & 
Clutton-Brock, 2011). These benefits must be weighed against risks and costs including increased 
competition for resources and mates (Alexander, 1974), and increased exposure to pathogens and 
parasites (Balasubramaniam, Beisner, Vandeleest, Atwill, & McCowan, 2016). The balance of these 
costs and benefits determines the overall level of sociality of a species (Kurvers, Krause, Croft, 
Wilson, & Wolf, 2014; Whitehead, 1997). It is, however, the grouping decisions that individuals 
make and the relationships they form through repeated associations that define the structure of a 
population’s social network and individuals’ positions within it. These decisions determine the 
topology of a network and how the costs and benefits of being social affect individuals.  
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An individual’s social environment is made up of a lattice of affiliative, communicative and agonistic 
interactions with other individuals. This means that an individual’s social position and its overall 
fitness are affected by others in a population, and that individuals differ in their social experiences 
depending on their association decisions. Studies on a number of taxa have linked high social 
integration to positive fitness outcomes, including longevity (Barocas, Ilany, Koren, Kam, & Geffen, 
2011; Vander Wal, Festa-Bianchet, Réale, Coltman, & Pelletier, 2015) and offspring survival 
(Cameron, Setsaas, & Linklater, 2009; Silk, Alberts, & Altmann, 2003). Conversely, greater social 
integration has also been linked to increased exposure to disease (Cross et al., 2004; Weber et al., 
2013) and lower over-winter survival (Blumstein, Williams, Lim, Kroeger, & Martin, 2018; Yang, 
Maldonado-Chaparro, & Blumstein, 2017). In addition to individuals’ social positions affecting their 
own fitness, their positions in their network can have consequences for others. For example, badgers, 
Meles meles, that tested positive for tuberculosis were often those that connected socially distinct 
groups, so were potentially important links for the flow of disease among otherwise non-connected 
individuals (Weber et al., 2013). As individuals’ patterns of sociability can have significant influences 
on their fitness as well as the fitness of others, understanding the social positions of individuals is 
pivotal to understanding the structure of a population and the evolutionary forces driving animals to 
be social.  
The patterns of association that affect individuals and their populations are driven by the needs of 
individuals and may vary over time. Association decisions can be influenced by foraging, 
reproductive, social and antipredator strategies, and can change with environmental conditions or 
individuals’ physical needs (Conradt & List, 2009). For example, group sizes and movement patterns 
change seasonally in African buffalo, Syncerus caffer (Estes, 1974) and other African ungulate 
species adjust their group sizes and visitation to waterholes in response to the risk of lion attacks 
(Valeix, Fritz, et al., 2009; Valeix, Loveridge, et al., 2009). More recently, studies have demonstrated 
how individuals within groups also change their association patterns as costs and benefits of 
associating change with environmental conditions. The extent to which female chacma baboons, 
Papio ursinus, maintain differentiated social relationships varies depending on the seasonal 
availability of food (Henzi, Lusseau, Weingrill, Schaik, & Barrett, 2009) and in Asian elephants, 
Elephas maximus, association rates peak in the dry season and then decrease again in the wet (Henzi 
et al., 2009). Predation pressure has been linked to grouping patterns (Hamilton, 1971), though the 
extent to which an individual is affected by predation pressure or environmental conditions may 
depend on its life history traits. Young or weak individuals tend to be at a higher risk of predation 
and have more to learn (Krause & Ruxton, 2002), so may to have more to gain from strong social 
connections but may trade off increased competition for needed resources when in larger groups.  
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Life history traits, including sex and age, influence an individual’s social and environmental 
interactions and their association patterns. Sex differences in social patterns are particularly apparent 
in species in which one sex must disperse at sexual maturity or compete for access to mates 
(Podgorski, Lusseau, Scandura, Sonnichsen, & Jedrzejewska, 2014; Vander Wal et al., 2015). In 
mammals, males are most commonly the dispersing sex (Greenwood, 1980) and females usually 
benefit from maintaining relationships with kin (Podgorski et al., 2014; Wey & Blumstein, 2010), 
others of similar reproductive status (Godde, Côté, & Réale, 2015; Sundaresan, Fischhoff, Dushoff, 
& Rubenstein, 2007), or simply individuals with whom they are familiar (Pinter-Wollman, Isbell, & 
Hart, 2009). By maintaining these relationships, females can benefit from shared predator vigilance, 
information transfer, knowledge of others’ behaviour, and in some species, communal care of 
offspring. The association patterns of males, on the other hand, are usually driven by the need to gain 
access to receptive females (Krebs & Davies, 2009, Vander Wal et al. 2015). This can result in the 
formation of coalitions as in bottlenose dolphins, Tursiops aduncus (Wiszniewski, Corrigan, 
Beheregaray, & Möller, 2012) and chimpanzees, Pan troglodytes schweinfurthii (Gilby et al., 2013), 
defence of harems as in the greater kudu, Tragelaphus strepsiceros (Owen-Smith, 1984), or the 
roaming of males between social groups to look for females in oestrous, as seen in sperm whales, 
Physeter microcephalus (Whitehead & Arnbom, 1987), and African elephants, Loxodonta africana 
(Rasmussen et al., 2008).  
The importance of access to information, protection and mates changes over an individual’s lifetime. 
Juveniles tend to associate with their mothers and other juveniles for protection and parental care 
(Dunbar & Dunbar, 1975; Trivers, 1972). Adolescence and young adulthood are important periods 
of social learning, connection building and dispersal, during which individuals tend to be particularly 
social (Evans & Harris, 2008; Linklater & Cameron, 2009). Older individuals in long-lived species 
such as African elephants (McComb, Moss, Durant, Baker, & Sayialel, 2001; Slotow, van Dyk, Poole, 
Page, & Klocke, 2000), and killer whales, Orcinus orca (Brent et al., 2015), are important information 
repositories, storing and sharing their long-term knowledge about the social and physical environment 
with younger, more naive individuals. In addition, the association patterns of individuals may shift as 
their physical characteristics and mating strategy change. In species with sexual dimorphism, adult, 
but not yet fully developed males, may benefit from delaying the use of competitive breeding 
strategies and employing alternative reproductive tactics to gain access to mates until they are fully 
grown (Whitehead, 1994).  
Species with flexible grouping patterns, described as having high fission-fusion social dynamics, 
were once assumed to have only weak or random association patterns. Social network analysis using 
repeated sightings of identified individuals has increasingly demonstrated that this is often not the 
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case. In Bechstein’s bats, Myotis bechstenii, (Kerth, Perony, & Schweitzer, 2011), eastern grey 
kangaroos, Macropus giganteus (Best, Dwyer, Seddon, & Goldizen, 2014), zebras, Equus grevyi and 
wild asses, E. hermious khur (Sundaresan et al., 2007), females maintain social relationships, 
sometimes spanning a number of years, despite changing groups regularly. The flexibility of this 
social system allows individuals to tailor their association choices and group size to best exploit 
resources in heterogeneous and unpredictable environments while maintaining relationships (Aureli 
et al., 2008; Smith, Kolowski, Graham, Dawes, & Holekamp, 2008). Studying these species provides 
an opportunity to investigate how individuals make decisions about being social at different stages of 
their life.  
A scarcity of long-term data sets on species with high fission-fusion dynamics means that there is 
minimal knowledge about age-related changes in individuals social behaviour. A few studies have 
examined how fission-fusion community structure changes over extended periods with some 
touching on age effects (Ilany, Booms, & Holekamp, 2015; Kerth et al., 2011). Research on Indo-
Pacific bottlenose dolphins, revealed a population structure characterised by persistent communities 
and sub-populations driven by age and sexual segregation (Wiszniewski, Allen, & Möller, 2009). 
Study on a species without high fission-fusion dynamics, yellow-bellied marmots, Marmota 
flaviventris (Wey & Blumstein, 2010), specifically examined the role that sex and age played in 
variation in individuals’ sociability over five years. Younger individuals were found to be more 
involved in affiliative interactions and as such were particularly important in maintaining social 
cohesion. Conducting similar studies on high fission-fusion species will enable us to determine how 
sex and age are related to the dynamics of social groupings and whether specific age classes have 
roles that influence the network structure.  
One reason that age-related changes in sociability metrics might be expected is that older individuals 
may have accumulated more knowledge about the environment than younger individuals. Long-lived 
mammals continue to gain knowledge as they age (Karen McComb et al., 2011). In spatially and 
temporally heterogenous environments this knowledge may be essential to find food and water, and 
to avoid predation. As an individual’s bank of knowledge increases, the benefits that it gains from 
grouping for information transfer may decrease. Conversely, younger individuals may benefit 
strongly from associating with older individuals to gain information from them and build their own 
knowledge. Individuals may also be safer from predation if they associate with older individuals who 
understand the risks and adjust their behaviour accordingly (Karen McComb et al., 2011). In sperm 
whales, Physeter microcephalus, and African elephants older females take on the role of matriarchs 
and are followed only by their kin (Brent et al., 2015; McComb et al., 2001). However, followers are 
not always kin, and previous studies on a range of mammalian species have found that older females 
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lead movements of mixed social groups (Brent et al., 2015; Ihl & Bowyer, 2011; Tokuyama & 
Furuichi, 2017). This perceived leadership may simply be the result of inexperienced individuals 
following experienced individuals.   
Giraffes are social ungulates with very flexible social groupings, displaying high levels of fission-
fusion dynamics (Aureli et al., 2008). Despite daily or hourly changes in group size and composition, 
they have structured social networks, and females maintain long-term associations with particular kin 
and non-kin individuals (Bercovitch & Berry, 2013; Carter, Brand, Carter, Shorrocks, & Goldizen, 
2013). In addition, research on a small population of giraffes suggested that older males and females 
were followed by younger conspecifics, which were hypothesised to learn about the environment 
from them (Bercovitch & Berry, 2014; Berry & Bercovitch, 2014). Giraffes are generalist browsers 
able to adapt to a range of environments (Dagg, 2014; Shorrocks, 2016). This ability may be a cause 
or a consequence of their very flexible social system. The social system does not include a matrilineal 
dominance hierarchy or male coalitions and there is no paternal care of offspring. This makes giraffes 
an ideal study species for examining individuals’ social positions in a system where their association 
choices may directly influence their overall fitness. Giraffes have recently been up-listed on the IUCN 
red-list of threatened species from the category of ‘least concern’ to ‘vulnerable’ (Muller et al., 2016). 
In addition to the insight such a system provides for understanding social decisions, understanding 
their social system and how it relates to individuals’ fitness can help guide appropriate conservation 
strategies particularly when individuals are being selected to found translocated populations. 
We have studied a population of giraffes in central Etosha National Park in Namibia during four time 
periods over 12 years since 2004 (Brand, 2007; Carter, Brand, et al., 2013; Carter, Seddon, Frere, 
Carter, & Goldizen, 2013). We collected data on the age and sex of 139 individually identified giraffes 
with known ages up to 16 years old. Using our longitudinal dataset, we investigated how an 
individual’s life history traits related to its association choices and integration in the social network. 
We aimed firstly to examine age- and sex-related patterns in giraffes’ sociability. To quantify 
sociability we investigated measures of individuals’ gregariousness (defined as propensity to 
associate with others) and social network metrics that quantified their patterns of social integration. 
Our second aim was to use travelling progression data to further test the hypothesis of Berry and 
Bercovitch (2014) that younger individuals follow older individuals because of their knowledge of 
the environment.  
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Methods 
Study population and field site  
Etosha National Park is a 22,270 km2 fenced reserve in semi-arid northern Namibia (see Carter, 
Seddon et al. 2013 for a more detailed description of the environment). The park is inhabited by 
~3,200 giraffes, G. c. angolensis, with their density varying throughout the park owing to highly 
heterogeneous resource availability (Kilian, 2015). Individuals move freely within the park 
depending on the availability of suitable resources, without large-scale seasonal migrations (Carter, 
Seddon et al. 2013, Brand, 2007). The giraffes are habituated to people in vehicles due to the high 
volume of tourists that visit Etosha.  
We collected data on the giraffes that inhabited an area of approximately 1000 km2 in the south-
central area of the park (figure 3.1) over four sampling periods: May 2004–January 2006, May 2009–
April 2010, July-December 2013 and April–November in both 2015 and 2016. Group sizes differed 
seasonally, with larger groups in the wet season (November – April, Brand, 2007). To ensure 
comparability between data collection periods, only data from the drier months of April to November 
were analysed for each time period in this study (Table 3.1).   
Table 3.1 Month and years from which data was included for each of the four analysed time periods 
Period Year Months included 
1 2004 
2005 
May to November 
May to November 
2 2009 
2010 
May to November 
April 
3 2013 July to November 
4 2015 
2016 
April to November 
April to November 
 
Individuals were distinguished by their unique coat patterns, which were recorded in a photographic 
catalogue, allowing us to identify individuals across periods. The majority of individual identification 
was done by eye but the pattern recognition software WildID (Bolger, Morrison, Vance, Lee, & Farid, 
2012) was utilised for some initial identifications. All identifications made in WildID were 
subsequently confirmed by eye. We identified 1,467 different individuals across the four data 
collection periods, with an average of 451  60 SE individuals sighted per data collection period.  
Data collection 
The sampling area was covered using four road transects of ~65 km each (Figure 3.1). Two transects 
were driven daily, one from dawn until the completion of the transect and another from 4 hours prior 
to dusk until completion of the transect or sundown, whichever occurred first. Transects were visited 
in semi-random order, ensuring that all transects were visited an even number of times in each 
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direction and during mornings and afternoons and that the same transect was not driven twice in a 
day. Giraffe groups have been recorded to change as regularly as hourly (Leuthold, 1979) and we 
recorded one flux event for every three hours of observation of groups (Chapter 2). This protocol 
allowed individuals the opportunity to change associates between surveys and reduced dependence 
among observations. When a group of giraffes was encountered along a transect we recorded the 
group’s size and location by taking a GPS point of the vehicle and distance and bearing to the group. 
For each individual in the group we recorded its apparent age class (juvenile, young adult or adult) 
and ossicone development (for males) and photographed the left and right sides where possible for 
identification. Groups were defined by the ‘gambit of the group’ method (Whitehead & Dufault, 
1999) previously described by Carter, Brand et al. (2013): individuals foraging or moving together 
but not moving in opposing directions were considered to be a group, and solo individuals were 
recorded as groups of one. This was generally within an approximate 400 m radius however 
exceptions were made where giraffes were clearly associating, for example travelling together, but 
spread over a greater distance. On the rare occasion that an individual was sighted more than once in 
a transect, only the first group observation was used. All observations were made on roads from 
within a vehicle, due to park regulations. A similar data collection protocol, including time spent with 
group, was used in all sampling periods to ensure comparability of the data from different time periods 
(Brand, 2007; Carter, Seddon, et al., 2013).  
 
Figure 3.1: Map of road transects and associated zones in the Etosha National Park, Namibia. Shown are the 
transects, rest camp, waterholes and randomization zones (see legend for details). Satellite image sourced from 
Google Maps.  
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Group progressions were defined as groups walking in single file in a single direction, and were 
recorded ad libitum in periods 3 and 4. We considered the individual at the front to be leader of the 
progression. This definition has been applied to a number of mammal species (e.g. cattle, Bos spp., 
dolphins and giraffes: Berry & Bercovitch, 2014; Della-Rossa, Chadœuf, Boissy, & Dumont, 2013; 
Lewis, Wartzok, & Heithaus, 2011). Only progressions of three or more non-juvenile individuals 
were included in the analysis to remove instances of juveniles simply following their mother or males 
following females in a consortship (Berry & Bercovitch, 2014). 
Aging individuals 
Giraffes were identified as juvenile, sub-adult or adult in the field based on height, behaviour and 
ossicone development. Juveniles were identified by their small stature (up to 3.25 m, Dagg & Foster, 
1982) and display of behaviours including suckling and shadowing their mother or being in crèche 
groups with similarly small individuals (Langman, 1977). Giraffes are generally considered juveniles 
up to ~2 years (Dagg, 2014). Sub-adults were identified by their intermediate height between that of 
juveniles and adults and the presence of a fringe of hair around the tip of the ossicones for males. 
They were estimated to be aged between 2 and 4 years (Dagg & Foster, 1982; Foster & Dagg, 1972). 
Giraffes over 4 years are considered sexually mature, thus adult, though it should be noted that 
giraffes continue to grow, albeit at a slower rate, until approximately age 5 for females and 7 for 
males (Dagg & Foster, 1982; Foster & Dagg, 1972).  
Where an individual was assessed to be the same age at three or more field sightings in a period we 
assumed the age to be correct. Where conflicting ages were recorded at multiple sightings or an 
individual was sighted fewer than three times, we reviewed photographs, and where possible, checked 
the recorded age of the individual in any previous data collection periods. Older individuals, 
particularly males, are generally easy to identify from height, facial features and ossicone and head 
structure so the age of most individuals could be determined using field observations or basic 
photographic review. Where the age was still unclear we used the following procedure. First, where 
possible, we compared the height of an individual of unknown age to that of any individual of known 
age in the same photograph. This provided an estimate of the individual’s height and thus its age. 
Second, younger individuals were compared against photographic age estimation guides developed 
by Brand (R. Brand, unpublished) and Strauss (M. Strauss, unpublished) that estimate age to 5.5 years 
based on ossicone development of known aged individuals. If age could not be reliably estimated the 
individual was left in the network as an individual of unknown age but removed from further analyses.  
Giraffes were then further classified into broad age cohorts, depending on their age class when first 
recorded in the longitudinal study. For example, individuals that were adults in 2004 were born in 
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2000 or earlier and thus were  16 years in 2016. Individuals that were sub-adults and juveniles in 
2004 were considered separate cohorts, and aged between 14-15 years and 12-13 years, respectively, 
in 2016 (Table 3.2). These broad, multi-year age categories were appropriate due to the imprecision 
of age estimates caused by variation in height between individuals of the same age, and because we 
could not estimate birth month for most individuals. Individuals that were first observed as adults in 
periods 2, 3 and 4 could not have their age estimated reliably because they could have been aged 
anything over 4 years or could have moved into the study population. They were included in networks 
but not in further analyses (40% of individuals across the four time periods). This protocol led to a 
skew in the proportions of ages recorded in each period, with individuals only able to be definitively 
assigned to the older age categories in the later periods. This was accounted for in the statistical 
analyses (see below). Similar height and ossicone development features were used to estimate 
individuals’ ages in previous data collection periods (Brand, 2007; Carter, Brand et al., 2013; Carter, 
Seddon et al., 2013; A. Goldizen personal comms.), thus we assumed that age estimates made in the 
field in those periods were correct and used them in this current study.    
Table 3.2: Giraffe age categories used in this study. In the wild male giraffes have an average life span of 16 
years while females remain sexually active until at least 24 years (Berry & Bercovitch, 2012) thus we cover a 
large proportion of the lifetime of males.  
Age Category  Age at 2016 (years) 
Juvenile < 2 
Sub-adult 2 - 4 
Young adult 5 - 8 
Middle-aged adult 9 - 14 
Old adult 15+ 
 
Pairwise association indices 
We used group composition observations to build a weighted and symmetric dyadic (pairwise) 
association matrix from the sightings from each of the data collection time periods. Only groups 
where more than 80% of the individuals could be photographed and accurately identified were 
included (number of groups: P1 = 525, P2 = 471, P3 = 519, P4 = 821) (Carter, Brand, et al., 2013; M. 
J. Silk, Jackson, Croft, Colhoun, & Bearhop, 2015). We chose not to filter rare edges (connections) 
or individuals (nodes) with low sighting frequency. We could not analyse the social network metrics 
of individuals with low sighting frequency (see below), but they added to the structure of the network 
as a whole and their removal would change our understanding of the network and the social positions 
of those with whom they interacted (Croft, James, & Krause, 2008). In addition, while rare edges are 
usually weak, they may be important to the structure of the network and our understanding of the 
positions of individuals within it (Lusseau, Whitehead, & Gero, 2008; McFarland et al., 2017; Voelkl 
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& Noë, 2008). To establish the strengths of association among pairs of giraffes in the matrix we used 
the R package Asnipe (Farine, 2017) to calculate half-weight indices (HWIs) (Whitehead, 2008):  
𝐻𝑊𝐼 =
𝑋
𝑋 + 𝑌𝑎𝑏 + 
1
2 (𝑌𝑎 + 𝑌𝑏)
 
in which X is the number of times individuals a and b individuals were seen together, Yab denotes the 
number of times both individuals were observed in the same survey but not together and Ya and Yb  
denote times that a was observed but not b and vice versa. This index was previously used by Carter, 
Brand et al., (2013) for this population. The HWI accounts for biases due to individuals being more 
likely to be recorded apart than together, which occurs with species like giraffes that have large home 
ranges and high fission-fusion dynamics. The HWI provides a score between 0 and 1 for each dyad. 
Zero represents a pair that was never observed together and 1 a pair that was always observed in the 
same group and never apart (Cairns & Schwager, 1987; Whitehead, 2008).  
Calculation of individuals’ sociability metrics 
We measured individuals’ levels of gregariousness in two ways. First, we calculated individual 
median group size. To do this we calculated the median group size for all individuals in each time 
period, then calculated the median of these giving us a period median. We then subtracted the period 
median from each individual’s median group size to give the positive or negative difference from the 
period median for each individual. Second, we calculated the proportion of time that each individual 
spent alone by dividing the number of sightings of an individual where it was in a group of one (alone) 
by its total number of sightings within each time period. We then calculated the median proportion 
of time that all individuals spent alone in each period and subtracted this from each individual’s scores 
to obtain differences from the time period median proportion of time spent alone. This approach 
allowed us to standardise across periods which may have experienced different environmental 
conditions. 
We used the R package igraph (Csardi & Nepusz, 2006) to calculate two social network metrics that 
measured different aspects of individuals’ social environments.  
(1) Transitivity, also known as clustering coefficient, measures the cliquishness of an 
individual’s associates, or how tight-knit its social community is. Individuals in tight-knit 
communities have high relative transitivity (Whitehead, 2008). 
(2) Betweenness measures the number of dyads whose geodesic distance (shortest path) 
passes through the focal individual to determine how important that individual is in connecting 
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others through the network. High betweenness scores represent individuals that are important 
connectors in the network (Whitehead, 2008). 
Strength (the number and weight of an individuals’ connections) was also calculated, but as it was  
strongly correlated with median group size (R = 0.86, DF = 212, t = 24.89, P < 0.01) it was not 
included in the analyses. 
As it is inappropriate to compare individuals’ metrics among networks that have different 
characteristics, we took an approach similar to that used by Wilson et al. (2013). We ranked each 
individual in each period by their metric (transitivity or betweenness) and then scaled the scores to 
fall between 0 and 1 by dividing each of the metrics by the total number of individuals analysed for 
that period, such that individuals that scored closer to one had higher metric scores. All further 
mentions of transitivity and betweenness in text refer to these ranked then rescaled values.  
Our preliminary analysis showed that raw social network metrics were highly influenced by sighting 
frequency (Spearman’s rank correlations, transitivity: rho = -0.70, S = 1035690000, P < 0.01, 
betweenness: rho = 0.74, S = 25780000, P < 0.01). A similar trend has been observed in eastern grey 
kangaroos, which display a similarly high level of fission-fusion dynamics (King, 2015). We chose 
to analyse gregariousness and social network metrics only for individuals seen eight or more times in 
a given period, which maximised the number of individuals in our analysis and minimised the chance 
of producing inaccurate results from including individuals with low numbers of samples. This 
decreased the correlations between sightings frequency and sociability metrics; however, we still 
observed significant but low correlations between sightings and rescaled ranked transitivity and 
rescaled ranked betweenness (Spearman’s rank correlation, transitivity: rho = -0.35, S = 2197400, P 
< 0.001, betweenness: rho = 0.66, S = 553540, P < 0.01). We were able to control for differences in 
numbers of sightings among individuals by keeping group sizes and sightings per individual the same 
and permuting individuals among groups as described below.  
Comparability of periods 
Fission-fusion social systems allow animals to adapt their social strategies to best exploit the 
environment (Rubenstein & Wrangham, 1986; Smith et al., 2008). As such, we expected to observe 
changes in the characteristics of the giraffes’ network with environmental changes through time. To 
determine how much the networks differed among periods, and whether it was appropriate to directly 
compare individual’s metrics among them, we compared both individual and global level metrics 
among the periods. We calculated density (sum of HWIs / number of possible ties), global transitivity 
and average non-zero HWI for each period using the R packages igraph (Csardi & Nepusz, 2006) 
and asnipe (Farine, 2017). We also calculated the network size (number of individuals in the 
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network), average group sizes, and individuals’ average number of associates. Examining the network 
metrics numerically and graphically showed substantial variation among periods. In addition, we 
found differences among periods in individuals’ metrics (Kruskal-Wallis rank sum test, group size: 
Chi-sq = 4.77, DF = 3, p < 0.01, transitivity: Chi-sq = 47.29, DF = 3, P < 0.01, betweenness Chi-sq 
= 8.29, DF = 3, P = 0.04). We therefore took a conservative approach in subsequent analyses and 
scaled all individuals’ variables either by distance from the time period median (gregariousness and 
proportion of time alone), or by ranking individuals from 0 to 1 within a period (betweenness and 
transitivity), to control for differences among periods.  
Relationships between age and sex, and gregariousness metrics 
For all individuals, we evaluated how sex and age related to the two measures of gregariousness — 
individual difference from period median group size and individual difference from period median 
proportion of time spent alone. We first ran separate linear mixed effects models for males and 
females to examine the relationships between age class and each gregariousness metric. We then 
tested for an interaction between sex and age for each metric. All models were run in the R package 
lme4 (Bates, Bolker, & Walker, 2015) and included individual ID as a random factor with age treated 
as an ordinal variable. Using the difference to the period median, rather than absolute values, 
controlled for differences among period medians, however, it did not control for differences in the 
amount of variation around the median. Hence, we included time period as a random factor in models 
where it still had an effect. We tested model fit using a log-likelihood ratio test against a null model. 
Relationships between age, sex and social network metrics 
We examined whether sex and age were related to the re-scaled, ranked scores for both betweenness 
and transitivity using generalised linear mixed effect models with a beta distribution and logit link in 
the R package glmmTMB (Magnusson et al., 2017). As with our gregariousness metrics, we first 
modelled each sex separately, then tested for an interaction between sex and age, and all models 
included individual identification as a random factor. We again checked the fit by comparing the log-
likelihood values to those of a null model.  
Social network metrics are fundamentally non-independent, and thus violate the assumptions of 
mixed effects models. To account for this and calculate appropriate P values, we used a randomisation 
approach. We performed 1000 data-stream permutations, sequentially swapping observations among 
individuals within sampling periods (Bejder, Fletcher, & Brager, 1998; Farine & Whitehead, 2015) 
while controlling for time (early dry season: April–July or late dry season: August–November) and 
space use (using five space use zones along the transects - Figure 3.1). After each permutation, we 
recalculated individuals’ metrics and re-fit the same model. We then compared the observed 
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coefficient values with the distribution of the 1000 coefficients from the permutations. Observed 
coefficients that fell outside of 95% of the expected distribution from the randomisations were 
considered to be significant results.  
Leadership in herd progressions 
To investigate whether old adult males or females were leaders of movement progressions more 
frequently than expected by chance, we performed chi-square goodness of fit tests.  We separately 
tested whether old adult males or females (age 15+) led progressions more than would be expected 
by chance given their proportional presence in the observed progressions. Juveniles were not included 
in the proportion calculations.   
Results 
General description of the networks and network comparability 
Results were based on observation of 2,336 groups of giraffes, with networks ranging in size from 
353 (P1) to 497 individuals (P3, Table 3.3). All networks were sparsely connected, with edge densities 
of between 0.02 (P3) and 0.05 (P1). Average individual HWIs were between 0.01 and 0.02 and 
increasing to between 0.13 and 0.22 for average of non-zero HWIs. Median group sizes ranged 
between 2 (P1, P3, P4) and 3 (P2) and network transitivity was high (0.33 to 0.46). Whilst the network 
metrics fell within the same magnitudes across periods, we observed enough differences among 
periods to decide to take a cautious approach to comparisons of metrics among the periods. Only 175 
females and 39 males were seen more than 8 times in a period. This included 139 unique individuals, 
as some were seen more than 8 times in multiple periods (Table 3.4).   
Table 3.3: Characteristics of the networks created for 4 data collection periods. Some metrics are presented for 
only individuals with 8+ sightings as only these individuals were included in analysis of individual sociability.  
 
 
 
Metric Period 1 Period 2 Period 3 Period 4 
Number of groups 525 471 519 821 
Network size (total individuals) 353 461 497 491 
Edge density 0.05 0.04 0.02 0.03 
Transitivity 0.40 0.43 0.46 0.33 
Individuals with 8+ sightings 82 78 38 96 
Median group size (IQR) 2 (1 – 5)  3 (1 – 5) 2 (1 – 4) 2 (1 – 3) 
Average no. of sightings  SE 4.7  0.2 4.0  0.2 3.0  0.1 4.1  0.1 
Average no. of sightings (8+ sightings)  SE 10.7  0.3 11.4  0.3 9.7  0.4 12.6  0.4 
Average HWI (8+ sightings)  SE 0.02  0 0.01 0 0.01  0 0.01  0 
Average non-zero HWI (8+ sightings)  SE 0.16  0 0.22  0.02 0.19  0 0.13  0 
Average no. of associates (8+ sightings) 40  1.7 37.9  2.8 26.6  2.3 34.4  1.4 
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Table 3.4: Giraffe age categories and numbers of individuals in each category that were sighted at least 8 times 
in a data collection period and thus included in analyses of sociability traits. 
  Count of individuals 
Age Category  Age (years) Females Males 
Juvenile > 2 7 12 
Sub-adult 2 - 4 25 4 
Young adult 5 - 8 37 7 
Middle-aged adult 9 - 14 48 7 
Old adult 15+ 58 9 
Gregariousness metrics 
We observed substantial variation in median group size between individuals, within sex and age 
classes, and even within individuals between periods. Generally, individuals’ median group sizes 
decreased with age (though some females’ median group sizes increased as they aged - Figure 3.2a), 
and this downward trend with age was only significant for males (Table 3.5a). However, there was 
an interaction between age and the grouping patterns of males and females; as age increased males 
were in increasingly smaller groups than females of the same age (Figure 3.2a, Table 3.5a).  
The proportion of time spent alone generally increased with age for both sexes, but only significantly 
for males (Table 3.5b). The difference in this measure of gregariousness between males and females 
was particularly strong in the old-adult age class, where most males (N = 5 of 9) spent the majority 
of their time alone (Figure 3.2b). This resulted in a significant interaction between sex and age, where 
males had greater declines in sociability than females as they aged (Table 3.5b). Post-hoc testing 
(supplementary material) showed that old adult males spent significantly more time alone than both 
females of the same age class ( = 0.01, N = 214, SE = 0.01, DF = 200, P < 0.01), and middle-aged 
males ( = 0.26, N =39, SE = 0.07, DF = 4, t = -3.46, P < 0.01).  
 
Figure 3.2: Spread of gregariousness metrics for 36 males and 103 females sighted at least 8 times in a 
period (39 male data points, 175 female data points) for (A) difference to period median group size and (B) 
difference to period median proportion of time spent alone. Coloured lines connect individuals observed in 
multiple age classes of each sex (see legend). Black lines denote the linear relationships for males (small-
dashed) and females (large-dashed), highlighting the significant interaction between sex and age for each 
variable.  
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Table 3.5: Model output results for generalised linear mixed models for metrics of gregariousness with age sex 
and age. Model outputs show the relationships of age and sex with (A) difference to median group size and 
(B) difference to proportion of time spent alone. The female model includes 175 metric scores for 103 females 
seen in up to 4 periods. The male model includes 39 metric scores for 36 individuals in 4 periods and the 
interaction model includes all 214 metric scores for 139 individuals across 4 periods. Significant values are 
shown in bold. 
 
Model Parameter - relationship Estimate SE DF t-value P-value 
Female Intercept 0.34 0.21 4.06 1.62 0.18 
 Age - linear -0.61 0.52 23.55 -1.19 0.25 
 Age - quadratic 0.27 0.46 106.45 0.60 0.55 
 Age - cubic 0.58 0.38 57.20 1.52 0.14 
 Age - quartic 0.15 0.32 143.03 0.45 0.65 
Male Intercept 0.02 0.30 34.00 0.08 0.94 
 Age - linear -2.25 0.59 34.00 -3.81 <0.01 
 Age - quadratic -1.08 0.61 34.00 -1.78 0.08 
 Age - cubic 0.79 0.73 34.00 1.09 0.28 
 Age - quartic 0.06 0.70 34.00 0.08 0.94 
Interaction Intercept 0.33 0.19 142.89 1.69 0.09 
 Sex*Age - linear -1.68 0.81 203.96 -2.06 0.04 
 Sex*Age - quadratic -1.38 0.80 203.99 -1.73 0.09 
 Sex*Age - cubic 0.17 0.88 197.95 0.19 0.85 
  Sex*Age - quartic -0.12 0.83 203.62 -0.14 0.89 
 
Model  Parameter - relationship Estimate SE DF t-value P-value 
Female Intercept 0.06 0.02 3.65 2.79 0.05 
 Age - linear 0.05 0.03 138.70 1.87 0.06 
 Age - quadratic 0.01 0.02 164.30 0.39 0.70 
 Age - cubic -0.02 0.02 161.30 -1.06 0.29 
 Age - quartic 0.00 0.02 156.00 0.05 0.96 
Male Intercept 0.14 0.02 15.62 6.04 <0.01 
 Age - linear 0.32 0.05 10.68 7.10 <0.01 
 Age - quadratic 0.12 0.05 18.91 2.61 0.02 
 Age - cubic 0.01 0.06 21.25 0.11 0.92 
 Age - quartic 0.02 0.05 31.88 0.34 0.74 
Interaction Intercept 0.06 0.01 156.68 5.25 <0.01 
 Sex*Age - linear 0.22 0.04 203.60 4.91 <0.01 
 Sex*Age - quadratic 0.11 0.04 203.80 2.54 0.01 
 Sex*Age - cubic 0.02 0.05 201.63 0.35 0.73 
  Sex*Age - quartic 0.01 0.05 203.99 0.29 0.77 
 
 
Sociability metrics 
More variation existed within age classes and among individuals for sociability metrics than for 
gregariousness metrics. There was a positive linear and a negative quadratic relationship between 
betweenness and females’ ages, but no relationship between rescaled ranked betweenness and males’ 
ages (Table 3.6a, Figure 3.3a). There was no interaction between age and sex for either variable, and 
we found no relationship between transitivity and age or sex (Figure 3.3b). Middle-aged adults of 
both sexes had the highest betweenness and the lowest transitivity, and old adult males had the lowest 
betweenness ranks and highest transitivity ranks.  
A 
B 
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Figure 3.3: The relationship between the social network metrics (A) betweenness and (B) transitivity and age 
classes for 139 male and female giraffe sighted at least 8 times in a period (214 data points). Solid coloured 
lines connect individuals observed in multiple age classes. Thick black dashed lines denote significant linear 
and quadratic relationships between female age and betweenness. No significant relationships were recorded 
for males and betweenness or either sex and transitivity.   
Table 3.6: Model output results for relationships generalised linear mixed models between metrics of 
gregariousness with age sex and age. Model outputs show the relationships for age and sex with (A) 
betweenness (B) transitivity. The Female model includes 175 metric scores for 103 females in 4 periods. The 
male model includes 39 metric scores for 36 individuals in 4 periods and the interaction model includes all 
214 metric scores for 139 individuals in 4 periods.  Significant values are shown in bold. 
 Model  Variable - relationship Estimate SE z value P -value 
Female Intercept -0.11 0.12 -0.92  
 Age - linear 0.81 0.30 2.67 0.03 
 Age - quadratic -0.64 0.28 -2.33 0.01 
 Age - cubic -0.02 0.23 -0.08 0.91 
 Age - quartic 0.16 0.19 0.81 0.71 
Male Intercept -0.04 0.18 -0.24  
 Age - linear -0.24 0.35 -0.68 0.38 
 Age - quadratic -0.48 0.36 -1.31 0.32 
 Age - cubic -0.58 0.43 -1.34 0.16 
 Age - quartic 0.19 0.42 0.45 0.94 
Interaction Intercept -0.11 0.11 -0.92  
 Sex*Age - linear -1.04 0.48 -2.15 0.10 
 Sex*Age - quadratic 0.20 0.48 0.41 0.36 
 Sex*Age - cubic -0.54 0.52 -1.05 0.70 
  Sex*Age - quartic 0.02 0.49 0.03 0.43 
 
 Model  Variable - relationship Estimate SE z value P-value 
Female Intercept 0.07 0.11 0.60  
 Age - linear -0.17 0.29 -0.59 0.28 
 Age - quadratic 0.15 0.26 0.56 0.12 
 Age - cubic 0.05 0.22 0.24 0.50 
 Age - quartic -0.26 0.19 -1.35 0.58 
Male Intercept 0.20 0.20 1.02  
 Age - linear 0.55 0.39 1.40 0.86 
 Age - quadratic 0.88 0.41 2.15 0.84 
 Age - cubic 0.23 0.48 0.48 0.79 
 Age - quartic 0.07 0.47 0.16 0.86 
Interaction Intercept 0.06 0.11 0.58  
 Sex*Age - linear 0.76 0.48 1.59 0.26 
 Sex*Age - quadratic 0.82 0.47 1.74 0.59 
 Sex*Age - cubic 0.20 0.51 0.38 0.64 
  Sex*Age - quartic 0.33 0.49 0.67 0.26 
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Progressions 
We observed 64 progressions that met our criteria and had leaders that could be placed into an age 
category. These progressions included between 3 and 17 individuals and a total of 362 non-juvenile 
individuals (371 including juveniles). Ninety-three (26%) of the giraffes observed in the progressions 
were old adult females and they led 33 (52%) of the progressions. Old adult females were expected 
to lead sixteen progressions based on the proportion of their age class in the progressions, hence they 
led significantly more progressions than would be expected by chance (χ2= 21.73, DF = 1, P < 0.01). 
Only twenty old adult males were observed in progressions (6%) and they led three, which was not 
significantly different from the expected value (Chi-sq = 0.20, DF = 1, p-value = 0.66). We observed 
four male only progressions and these were always led by the oldest individual present.  
Discussion 
We found significant relationships between sociability measures of giraffes and their age and sex, 
even after controlling for apparent differences in the population’s network structure across periods. 
The gregariousness of males decreased with age, especially beyond fifteen years, but females’ 
gregariousness differed little among age classes. We found no relationship between the age of males 
and either social network metric, nor any interaction effect. The betweenness of females, however, 
increased with age, but peaked at early to mid-adulthood, suggesting that young and middle-aged 
adult females are the most important network connectors. Progressions were led most often by old 
adult females suggesting that they too have an important social role. Our results show that patterns of 
sociability differ among ages and between sexes, which may be a result of the changes in social 
motivations that occur with age and the contrasting social priorities of males and females. We discuss 
these patterns below.  
Males’ sociability 
Males over fifteen years of age differed in their gregariousness from males of all other ages and from 
females of the same age. Previous work on giraffes has identified that males become increasingly less 
social as they age (Pratt & Anderson, 1985), but none has identified such a substantial difference for 
males that are 15 years and older. We suggest three non-mutually exclusive explanations for this 
finding.  
First, males may use different tactics to gain access to females, depending on their age and physical 
characteristics, and these differing tactics may explain changes in males’ sociability with age 
(Whitehead, 1994). Female giraffes are fertile for approximately four days every two weeks when 
they are not pregnant (Bercovitch et al. 2006) and are erratically distributed throughout the 
environment (Fennessy, 2009; Van der Jeugd & Prins, 2000). This means that the chances of a male 
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encountering a receptive female are low, but this likelihood is increased if males roam over large 
distances (Fennessy, 2009; Ramsay & Stirling, 1986; Whitehead & Arnbom, 1987). In such a 
‘scramble competition’ mating system, competition between males is likely to be high and dominant 
males have the potential to monopolise mating opportunities when they locate females in oestrus 
(Ims, 1988). Male giraffes’ height increases asymptotically (Dagg & Foster, 1976) but they continue 
to invest in bulk as they age, especially in the thickness of their neck and ossicones, which is 
advantageous in their head-swinging fighting technique known as “necking” (Simmons & Scheepers, 
1996). Colour has also been linked to dominance and mating opportunities in this population (Brand, 
2007) and males’ coat colour darkens as they age (Berry & Bercovitch, 2012), though there is 
variation among individuals of a similar height (Brand, 2007). Thus, dominant older males, with 
increased body mass and visible signs of dominance, are able to displace subordinate males and 
monopolise mating (Brand, 2007). Dominant males who wander widely in search of females may 
spend most of their time alone. Younger males may benefit from using alternative reproductive tactics 
(Whitehead, 1994). Instead of roaming widely, younger males may spend more time closer to females 
in the hope of gaining a mating opportunity in the absence of a more dominant male, while also 
gaining additional benefits of learning through passive information transfer (Galef & Giraldeau, 
2001).  
A second potential explanation for males’ decreasing sociability with age is the possibility that male 
giraffes have non-synchronised rutting periods that increase in length with age. Competition for 
females can be costly; there are the direct costs of fighting and mate guarding but also indirect costs 
including increased energetic expenditure in searching for and travelling with females and loss of 
time feeding during these activities (Poole, 1987). The rutting periods of males of some species allow 
them to concentrate the costs of competition and mating over a period of time and then focus on their 
own physical requirements outside of this time (Mysterud, Langvatn, & Stenseth, 2004). In African 
elephants the rutting periods of males, known as musth, are non-synchronised as females may come 
into oestrus throughout the year. During musth male elephants experience a high concentration of 
testosterone linked with a period of heightened sexual and aggressive activity, and the proportion of 
time spent in musth increases with age (Poole, 1987). Seeber et al. (2013) found that the androgen 
levels of male giraffes varied during their study period. They also found suggestive evidence of a link 
between increased androgen levels and engagement in sexual behaviours, and suggested that this may 
be due to male giraffes also having a non-synchronised rutting period. If Seeber et al. (2013) are 
correct, and the proportion of time in a rutting period increases with age, as it does for elephants, then 
this may suggest that older males spend more time alone looking for females, increasing their social 
isolation. In addition, by remaining alone, away from potential competitors, males that are not 
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actively looking for mates can avoid potentially costly dominance interactions, and remain in high 
quality food patches (Brand, 2007). The presence of an unsynchronised rutting period could also 
explain some of the variation observed between individuals. Males’ behaviour and habitat use 
patterns are likely to differ between sexually active and non-active periods, which may also vary in 
length. It is possible that we did not evenly sample individuals in their sexually active and inactive 
periods, resulting in variation among individuals that were in different reproductive states 
(Goldenberg, De Silva, Rasmussen, Douglas-Hamilton, & Wittemyer, 2014). However, confirmation 
that male giraffes cycle through rutting and non-rutting periods is still needed. 
As a third possible explanation for the reduced sociability of old males, we suggest that a number of 
males in the 15 plus age class may have been out-competed for mating opportunities and been post-
reproductive, or “in retirement”.  Life as a dominant bull is likely to be costly; long daily movements, 
increased time alert, reduced feeding time and energetically expensive dominance interactions may 
lead to a fast deterioration once an individual is out-competed, as has been observed for male eastern 
grey kangaroos (Jarman & Southwell, 1986). Berry and Bercovitch (2012) estimate that the average 
life span of male giraffes in Luangwa National Park in Zambia is 16 years, while females live on 
average 25 years. If life expectancy in Etosha National Park is similar to that in the Luangwa Valley, 
then the presence of post-reproductive males in this age class could explain why the sociability of old 
males drops so substantially compared to the middle-aged adult class. We observed a number of old 
males, often heavily scarred, that were regularly alone and moved minimally over a number of months 
(M. Castles and A. Goldizen, unpublished observations). These may have been very old individuals, 
in a deteriorated condition, and no longer dominant. Withdrawal from social engagement with 
senescence has been recorded in primates and humans and may also be occurring here (Cumming, 
1963; Nakamichi, 1984; Picq, 1992). However, it is also possible that we were seeing these males 
outside of their rutting periods (see above). Further study on androgens, age, life expectancy and 
movement patterns would determine how each of these explanations may contribute to the decreasing 
gregariousness of male giraffes with age.  
We did not record any relationships between males’ age and social network metrics, a result which 
corresponds with previous research on this population. Carter et al. (2013) found that network metrics 
calculated from males sighted at least six times were not significantly different from what would have 
been expected by chance over two data collection periods.  Males’ social patterns are the result of 
behavioural strategies to increase mating opportunities (Whitehead, 1990). The roaming strategy used 
by male giraffes may result in associations with groups that they randomly encounter as they travel, 
rather than any preferential associations. Therefore, adult males’ social networks may indeed be 
essentially random (Carter, Brand et al., 2013). However, if this was the case we could expect to see 
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some non-random structure to the association patterns of younger males, if these males use alternative 
reproductive tactics. However, as males roam over larger areas than females, repeated sightings of 
males are much lower than females. Despite identifying comparable numbers of males and females 
in the population over the 12-year period (M = 646, F = 560, Unknown = 215) we could analyse only 
data from 39 individual/period combinations for males compared with 175 for females, due to the 
low number of re-sightings of males. Thus, we may simply lack the statistical power required to 
identify any patterns in males’ network metrics.  
Females’ sociability 
In contrast to males, we found minimal significant differences in females’ gregariousness metrics 
among age classes but a high amount of variation among individuals within all female age classes. 
This variation within age classes may be explained by females transitioning between different 
reproductive states, which may have masked any influence of age on gregariousness. In most mammal 
species the reproductive success of females is limited by nutritional constraints (Wrangham, 1980) 
and the ability to protect and provide for young (Krebs & Davies, 2009). As females cycle through 
reproductive states, and care for offspring of differing ages, their requirements change (Gittleman & 
Thompson, 1988) and this may cause changes in their association patterns. Indeed, association 
patterns have been linked to females’ reproductive state in eastern grey kangaroos (Menz, Goldizen, 
Blomberg, Freeman, & Best, 2017), mountain goats, Oreamnos americanus (Godde et al., 2015), and 
rhesus macaques, Macaca mulatta (Brent, MacLarnon, Platt, & Semple, 2013). Female giraffes with 
juveniles have been observed to associate and form crèche groups, in which one female protects the 
offspring while the others go off to feed or drink (Langman, 1977; M. Castles and A. Goldizen, 
unpublished observations). The persistence of these relationships post-weaning of offspring is as yet 
unstudied. 
While the gregariousness of females did not differ with age, the social network metric betweenness 
did. Generally, betweenness increased with age but peaked in young and middle-aged adults. This 
metric describes the importance of individuals as social connectors in the population based on the 
number of pairs of individuals that they connect (Whitehead, 1997). As we did not find a 
corresponding increase in median group size in these age classes, it appears that females in these age 
classes are not associating in larger groups but associating with a greater range of otherwise-
unconnected individuals. Previous studies on giraffes and other species have suggested that an 
increase in sociability in young adulthood may be akin to a dispersal phase in which individuals move 
among social groups (Carter, Brand, et al., 2013; Linklater & Cameron, 2009), but as we did not see 
a decline after young adulthood this would only provide a partial explanation for our result. Young 
and middle-aged adulthood are prime reproductive years for females, and during this period 
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associations that increase reproductive fitness are expected to be most strongly selected for. Thus, the 
greater range of individuals’ number of associates may reflect differing association preferences under 
different reproductive states. Thus, while the gregariousness of females is not affected by age their 
specific choice of associates may be.  
In a previous study of our population in Etosha National Park, Carter, Brand, et al. (2013) found that 
females’ numbers of associates and the social network metrics of strength (comparable to median 
group size), reach, clustering coefficient (transitivity) and affinity all increased significantly as they 
reached adulthood. We found no effect of age on transitivity or median group size, but the relationship 
of age and betweenness we observed may partially reflect their findings. Further investigation is 
required to understand why the two studies on the same population found different patterns. However, 
it is possible that changes in the environmental conditions, such as more rainfall during the 2004/05 
and 2009/10 periods covered by Carter, Brand et al.’s study may have influenced their findings. In 
addition, Carter, Brand et al.’s study included association data collected in both the wet and dry 
seasons. Giraffes behave differently in the wet season; they are found in larger groups and visit 
perennial waterholes less often (Brand, 2007) so this may explain some of the variation in our results. 
Regardless of any possible subtle changes in sociability traits that females may exhibit as they age, 
or between periods, it does seem likely that females of all age classes generally benefit from being 
gregarious. They are likely safer in groups than alone and may gain knowledge about food 
availability, protection of offspring, and reproductive benefits by forming long-term bonds with other 
females (Bercovitch & Berry, 2013; Carter, Brand, et al., 2013).  
As nutritional constraints may limit the reproductive success of females, one of the major benefits of 
being gregarious is the passive transfer of information about available food sources. In long-lived 
species including African elephants (McComb et al., 2001), musk oxen, Ovibos moschatus (Ihl & 
Bowyer, 2011) and bonobos, Pan paniscus (Tokuyama & Furuichi, 2017), the oldest individuals 
retain knowledge about the environment and others follow them to available resources. Our finding 
that old adult females are more likely than expected to lead travelling progressions suggests that older 
females act as information repositories in this population, even if not intentionally. This adds further 
strength to the hypothesis of Berry and Bercovitch (2014) that old adult female giraffes act as 
information banks. Berry and Bercovitch suggested that this may represent matriarchal leadership 
like that seen in African elephants (McComb et al., 2001). However, relatedness has minimal 
influence on the relationships among females in the Etosha National Park population (Carter, Brand 
et al., 2013), so that is unlikely to be an explanation for our results. Compared to the population of 
giraffes in Etosha National Park, which is large and free roaming, the Luangwa Valley population 
studied by Berry and Bercovitch is small and contained within a fenced reserve, which could 
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artificially increase the relatedness of individuals within the reserve or influence the benefits that 
individuals gain from associating with kin. Studies on eastern grey kangaroos, which exhibit a similar 
degree of fission-fusion dynamics to giraffes, have shown that relatedness influences association 
patterns more in small populations than large ones (Best et al., 2014; King, Garant, & Festa-Bianchet, 
2015). We suggest that because Etosha National Park is a particularly heterogeneous environment, 
younger giraffes can likely gain valuable knowledge about the environment by following older 
individuals. Berry and Bercovitch (2014) did not examine whether older males were also often 
followed in progressions but suggested (in another study) that bachelor herds may involve young 
males following older males (Bercovitch & Berry, 2014). In our study, older males were rarely seen 
in progressions, which reflects their solitary tendencies, and they did not lead any more than would 
be expected by chance. However, all four of the male-only progressions that we recorded were led 
by the oldest individual present, so young males may follow older males when an opportunity is 
available.  
We used a longitudinal dataset to examine how sex and age relate to the sociability of individuals and  
our findings highlight the complexity of the interactions between these factors. Despite ecological 
differences between data collection periods we show consistent social strategies that differ between 
males and females and demonstrate that age significantly affects social behaviour. This highlights the 
social flexibility that the fission-fusion social system allows and indeed the social flexibility of an 
individual throughout its lifetime. We also demonstrate the important influence of individuals’ social 
requirements on driving grouping dynamics which may also interact with ecological variables. 
Further investigation with more fine-scale ageing along with measurement of physical condition and 
androgen levels, will clarify which of three likely non-mutually exclusive hypotheses contributes 
most to the sharp decrease in male sociability with age. Additionally, knowledge of reproductive 
status would remove noise from the dataset and allow us to draw more robust conclusions about the 
sociability of females. Continued research in this area may clarify the potential fitness benefits that 
individuals gain from different association tactics in fission-fusion social systems and ultimately the 
evolutionary drivers of flexible sociality systems.  
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Supplementary material 
Post-hoc testing of the sociability metrics of old adult males compared with other age categories 
Table S3.1: Output from linear mixed model with difference from median group size as a response, ID a 
random effect and an interaction between sex and age as a predictor. Age is treated as a categorical variable 
and old adult male is the reference category. Significant results are shown in bold. 
Parameter - relationship Estimate SE DF t value P value 
Intercept 2.04 0.09 26.00 21.65 <0.01 
Sex 0.07 0.10 258.60 0.71 0.48 
Old adult -0.12 0.09 219.70 1.28  0.20 
Middle-aged adult -0.20 0.08 309.80 -2.36  0.02 
Young adult -0.05 0.09 311.80  -0.54   0.59 
Sub-adult 0.03 0.09 325.70   0.29  0.77 
Sex*Old adult -0.35 0.12 238.10   -2.84   <0.01 
Sex*Middle-aged adult -0.06 0.12 435.00 -0.37   0.71 
Sex*Young adult -0.12 0.13 211.60 -0.89   0.37 
Sex*Juvenile 0.00 0.15 230.20   0.01   0.99 
Number of metrics = 214, number of individuals = 139, number of periods = 4 
Table S3.2: Output from linear model with males’ difference from median group size as a response and age as 
a predictor. N =39, DF = 4. Random factors have no effect so were removed. Age is treated as a categorical 
variable and old adult male is the reference category. Significant results are shown in bold. 
Parameter - relationship Estimate SE DF t value P value 
Intercept 1.72 0.07 30.72 25.12 <0.01 
Middle-aged Adult 0.23 0.10 35.27 2.26 0.03 
Young Adult 0.30 0.10 25.13 3.02 <0.01 
Sub-adult 0.33 0.12 30.21 2.68 0.01 
Juvenile 0.32 0.09 31.79 3.56 <0.01 
Number of metrics = 39, number of individuals = 36, number of periods = 4 
Table S3.3: Output from linear mixed model with difference from median proportion of time spent alone as a 
response, ID as a random effect and an interaction between sex and age as a predictor. Period had no effect so 
was removed. Age is treated as a categorical variable and old adult male is the reference category. Significant 
results are shown in bold.  
Parameter - relationship Estimate SE DF t value P value 
Intercept 2.73E-04 4.16E-03 2.028e+02    0.07 0.95 
Old adult 1.57E-03 4.41E-03 2.028e+02    0.36 0.72 
Middle-aged adult 3.02E-03 4.42E-03 2.035e+02    0.68 0.50 
Young adult 1.64E-03 4.53E-03 2.037e+02    0.36 0.72 
Sub-adult 8.28E-04 4.70E-03 2.039e+02    0.18 0.86 
Sex -7.22E-04 5.24E-03 2.018e+02   -0.01 0.99 
Sex*Old adult 1.33E-02 6.57E-03 2.001e+02    4.96 <0.01 
Sex*Middle-aged adult 5.43E-03 6.73E-03 1.912e+02    0.81 0.42 
Sex*Young adult 5.33E-03 6.93E-03 2.007e+02   -0.77 0.44 
Sex*Juvenile 1.03E-03 7.92E-03 2.000e+02   -0.13 0.90 
Number of metrics = 214, number of individuals = 139, number of periods = 4 
Table S3.4: Output from linear model with males’ difference from proportion of time alone as a response and 
age as a predictor. N = 39, DF = 4. Random factors have no effect so were removed.  
 Estimate SE t value P-value 
Intercept 0.34 0.05 7.01 <0.01 
Middle-aged adult -0.26 0.07 -3.46 <0.01 
Young adult -0.38 0.07 -5.11 <0.01 
Sub-adult -0.34 0.09 -3.89 <0.01 
Juvenile -0.34 0.06 -5.30 <0.01 
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Chapter 4: Reproductive tactics in an colour ornamented mammal: coat colour 
and sociability in male giraffes 
Abstract 
In species in which males signal physical condition through visible traits, males with different levels 
of trait expression may adopt alternative reproductive tactics to maximise their reproductive success. 
In mammals with fission-fusion social dynamics, males in the best condition often roam widely in 
search of females in oestrus, and thus exhibit different patterns of sociability to males that utilise 
other reproductive tactics. Giraffes, Giraffe camelopardalis, are rare among mammals in that they are 
sexually dimorphic in colour, and colour is hypothesised to function as a signal of males’ physical 
condition. Here we examine the coat colours and sociability patterns of wild male giraffes over a 
twelve-year period to investigate the variation in colour expression among males and its influence on 
sociability. First, we examine the colour of males as they age and show that not all males darken at 
the same rate or to the same darkness as they age, showing that colour is not solely an age-based trait, 
but likely relates at least somewhat to condition. We then examine the relationships between metrics 
of individuals’ sociability and their colour and age. We show a distinct difference in the 
gregariousness of young or pale males compared to darker males. Younger or paler males tend to be 
gregarious while darker males spend much more time alone. This is consistent with a system where 
darker males in good physical condition roam looking for females in oestrus. Younger or paler males 
may delay roaming or use an alternate tactic, such as remaining in groups with females to gain 
copulations when a more dominant male is not present. Our results are consistent with the hypothesis 
that giraffes’ colour functions as a signal of physical condition, but deeper study into movement 
patterns and the costs associated with darker colours is required.  
Introduction 
In most mammal species the reproductive success of males depends on maximising their mating 
opportunities (Krebs & Davies, 2009). To be successful a male must find a female, guard her against 
competitors and be accepted by her as a suitable mate. For species in which females move regularly, 
or may be spread out throughout heterogeneous environments, a male’s chances of encountering a 
receptive female or defending more than one female may be low (Whitehead, 1994). In addition, 
when females come into oestrus for short periods or cease mating activity while gestating or caring 
for young, the operational sex ratio can be heavily male-skewed (Oliveira, Taborsky, & Brockmann, 
2008). This creates a scramble competition mating system in which competition between males is 
likely to be high (Ims, 1988). Males’ access to females will be based upon indirect and direct 
aggressive interactions through which males can mutually assess one another’s competitive abilities 
(Berglund, Bisazza, & Pilastro, 1996). However, aggressive interactions including threats and 
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displays can be costly due to energetic expenditure and the potential escalation to fighting. Instead 
physical features that are costly for individuals to produce or maintain can function as honest signals 
of males’ physical condition, thereby reducing the need for direct aggressive interactions as 
competitors can assess the likely outcome of a challenge. They may also signal male quality directly 
to females (Weaver, Koch, & Hill, 2017). 
Signals of physical condition may take the form of armaments, used in combat and thus related 
directly to competitive ability, or ornaments, exaggerated traits and/or colours which may be costly 
to produce but have no function in physical combat (Berglund et al., 1996). Ornaments have most 
commonly been studied in species in which male reproductive success is heavily influenced by female 
mate choice, a phenomenon well-known in birds (Berglund et al., 1996). In mammals, armaments 
such as increased physical size and horns are more common (Caro, 2013; McPherson & Chenoweth, 
2012). However, ornaments do exist in some mammal species, usually in the form of colours. 
Examples include mane colour in lions, Panthera leo (West & Packer, 2002), the brightly coloured 
face of male mandrills, Mandrillus sphinx (Setchell & Dixson, 2001), the coloured scrota of vervet 
monkeys, Cercopithecus aethiops (Gerald, 2001) and the fringed hairs of the Himalayan tahr, 
Hemitragus jemhahicus (Lovari, Pellizzi, Boesi, & Fusani, 2009). These features have been linked to 
male dominance, female mate choice and reproductive success, thus appearing to be signals of 
physical condition.  
The costs associated with colour, and hence the pathways through which colour functions as a reliable 
signal of condition, are still debated and may vary among species (Roulin, 2016; Weaver et al., 2017). 
Variation in colour is often caused by the presence and amount of melanin pigmentation, most 
commonly eumelanin, in the skin or hair (Caro, 2013). There are at least four non-mutually exclusive 
hypotheses for why darker colour might signal condition. Darker colours require more melanin which 
is energetically costly to produce and maintain, so individuals that can invest heavily in producing it 
may be signalling their superior physical condition (Roulin, 2016). Similarly, high amounts of 
particular transitional and alkaline earth metals that are often limited in the wild are linked to 
increased melanin production and physical condition (McGraw, 2006), suggesting that darker colours 
may signal better diets. Darker pigmentation as a signal may also be explained by the handicap 
principle whereby darker males suffer higher heat stress (Acharya, Gupta, Sehgal, & Singh, 1995; 
West & Packer, 2002) or become more conspicuous to predators (Stuart-Fox, Moussalli, Marshall, & 
Owens, 2003). Melanin production is also commonly linked to testosterone levels, as in male 
mandrills (Setchell, Smith, Wickings, & Knapp, 2008) so may operate as a signal for increased 
aggression or sexual interest. It has also shown to be heritable in tawny owls, Strix aluco (Gasparini 
et al., 2009), indicating it is a potential target for selection.  
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In condition-based signalling systems, mammalian males of different physical quality may adopt 
alternative reproductive tactics to maximise their lifetime reproductive success. Tactics used will 
depend on social and ecological environments and on the relative condition of competitors (Oliveira 
et al., 2008). Therefore, the tactic that an individual decides to use may change throughout its life 
depending on its age, physical condition and competitive ability, which may affect its dominance 
status and can also be influenced by environmental conditions (Oliveira et al., 2008). One such 
alternative tactic is to “sneak” copulations when a dominant male is not looking or cannot defend all 
the females. This tactic is used by northern and southern elephant seals, Mirounga angustirostris and 
M. leonina (Hoelzel, Le Boeuf, Reiter, & Campagna, 1999; Le Boeuf, 1974), plains zebras, Equus 
burchelli, (Rubenstein, 1986) and red deer, Cervus elaphus (Clutton-Brock, Guinness, & Albon, 
1982). Subordinate elephant seals use their smaller size as an advantage, mimicking similar sized 
females to avoid conflicts and thereby sneak copulations (Hoelzel et al., 1999). In musk oxen, Ovibos 
maschatus, less-dominant males spend more time with females, likely to increase the chance of 
monopolising a female if she comes into oestrus in the absence of a more dominant male 
(Forchhammer & Boomsma, 1998). Subordinate meerkats, Suricata suricatta, do the opposite, 
leaving their cooperative breeding groups to seek extra-group matings during peak female fertility 
(Young, Spong, & Clutton-Brock, 2007). Individuals that are competitively excluded due to their 
size, physical condition or level of experience may also increase their lifetime reproductive success 
by delaying competitive breeding to instead invest in growth and building condition. For example, in 
African elephants, Loxodonta africana, and raccoons, Procyon lotor, bachelor herds exist in which 
younger, smaller males can learn from more experienced males and practise fighting to improve their 
competitive ability later in life (Evans & Harris, 2008; Gehrt, Gergits, & Fritzell, 2008).  
The use of different reproductive tactics based on competitive ability should lead to predictable 
differences in males’ patterns of sociability. An individual’s social environment can be an important 
determinant of fitness (Blumstein, Williams, Lim, Kroeger, & Martin, 2018; Cameron, Setsaas, & 
Linklater, 2009; Silk et al., 2010). Individuals may tailor their preferred associates, association 
patterns and sometimes their group sizes to their own shifting social and reproductive needs. This 
may result in individuals having varying patterns of sociability in different contexts (Gero, Bejder, 
Whitehead, Mann, & Connor, 2005), at different ages (Wey & Blumstein, 2010) and when in different 
physical conditions. If condition is signalled through ornamentation, then differently-ornamented 
males may have different sociability patterns. For example, using social network analysis, Oh and 
Badyaev (2010) demonstrated a relationship between the ornamental elaborations of male house 
finches, Carpodacus mexicanus, and their social behaviour. Less elaborate but more gregarious males 
were as attractive to females as the elaborately ornamented males during the breeding season.  
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Mammals with fission-fusion social systems present an opportunity to investigate how ornamentation 
relates to male mating tactics. Fission-fusion populations comprise social groups that are spread 
throughout a habitat and regularly change in size and composition. The flexibility of fission-fusion 
systems allows group sizes to change so that individuals can best balance exploitation of available 
resources (Aureli et al., 2008; Rubenstein & Wrangham, 1986; Smith, Kolowski, Graham, Dawes, & 
Holekamp, 2008) and predation risk, which may also vary spatiotemporally (Kelley, Morrell, Inskip, 
Krause, & Croft, 2011). Individuals choose to join or leave groups based on their own shifting social 
and reproductive needs, resulting in varying grouping choices depending on individuals’ reproductive 
or physical conditions (Goldenberg, De Silva, Rasmussen, Douglas-Hamilton, & Wittemyer, 2014; 
Patriquin, Leonard, Broders, & Garroway, 2010). Therefore, we may expect to see different 
association patterns among males with different levels of expression of ornaments. Honest visual 
signals of physical condition may be particularly useful in fission-fusion social systems because the 
flexibility of group compositions means that individuals may not associate regularly and thus need to 
judge the condition of new associates as they come into contact.  
Giraffes, Giraffe camelopardalis, exhibit fission-fusion dynamics and are rare among mammals in 
that they are sexually dimorphic in colour, among other features. The coats of giraffes have patches 
that are individually unique and retain their shape throughout the animal’s life but the colour of the 
patches varies among individuals and may change during an individual’s lifetime. The colour of 
males’ patches varies three times more than that of females, from pale brown to completely black, 
and darkness tends to increase with age (Berry & Bercovitch, 2012; Brand, 2007). Giraffe social 
groups are often widely dispersed depending on resource availability and may change composition 
as often as hourly (Leuthold, 1979). Females come into oestrus for about four days every two weeks 
when not pregnant and males travel over large distances in search of females in oestrus. Mating 
opportunities are determined through a dominance-based polygynous mating system characterised by 
intense male-male competition. Males’ coat darkness has been linked to success in aggressive 
interactions and female interest (Brand, 2007). Darker males have also been observed to travel over 
larger distances (Brand, 2007). Conversely, giraffe coats tend to be paler in habitats more exposed to 
sunlight; towards the end of the dry season, when resources are limited; and postpartum in some 
females (Brand, 2007). Observations and small-scale studies suggest that patch darkness functions as 
an honest signal of the physical condition and competitive ability of male giraffes (Brand, 2007; 
Dagg, 2014). However, the social implications of such melanin-based ornamentation, which is 
uncommon in mammals, have rarely been examined.  
While it is not yet possible to test explicitly whether coat darkness is a signal of physical condition in 
male giraffes, or is correlated with reproductive success, this hypothesis yields two predictions. First, 
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if colour expression is linked to condition, then not all males should end up equally dark with age 
because males in poorer condition may not be able to afford the increased cost associated with darker 
colours. Second, if dark colour signals condition, darker males might be expected to pursue different 
mating tactics to paler males and thus show different patterns of sociability. This chapter investigates 
these two predictions. Evidence in support of these predictions would at least be consistent with the 
broader hypothesis that colour signals condition. To test these predictions, we use five metrics of 
sociability and twelve years of photographs of 77 male giraffes from a large, wild population. 
Specifically, we had the following two aims: (1) to determine the nature of the relationship between 
males’ age and colour; and (2) to investigate how colour and age relate to the association patterns of 
males.   
Methods 
Study site and species 
Our study subjects were male members of the population of giraffes that inhabit an approximately 
1000 km2 area in the southern-central region of the Etosha National Park, Namibia (19°10 S, 15°54’ 
E). We collected photographs, demographic and grouping data on the giraffes in this population 
intensively during four periods spanning twelve years. These periods were May 2004–January 2006, 
May 2009-April 2010, July-December 2013 and April–November in 2015 and 2016. Individuals were 
distinguished by their unique patch patterns, which were recorded in a photographic catalogue, 
allowing us to repeatedly identify individuals across periods. Over this twelve-year period, we 
identified 1467 individual giraffes, 646 of which were male. An average of 451  60 (SE) giraffes 
were identified in each data collection period. Photographs of identified males taken ad libitum 
outside of these periods were also included in our patch darkness analysis. 
Data collection 
We collected data along four road transects of approximately 65 km each in length. We drove each 
transect evenly in morning and afternoon sampling periods, varying the direction of travel, and did 
not drive the same transect twice in one day. Data were not collected during the middle of the day 
(1100-1500) as giraffes rest in the shade during the hottest period and are more difficult to find, 
identify and observe. We recorded a mean of one group flux event every three hours (Chapter 2), so 
this protocol allowed ample opportunity for individuals to change associates between sample periods, 
increasing the likelihood that association data were independent. When a group of giraffes was 
encountered along a transect we recorded the group’s location, size and composition. We also 
recorded the apparent age class of each individual and photographed its left and right sides where 
possible for identification and patch darkness scoring. Groups were defined as individuals foraging 
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or moving together as has previously been used to define giraffe groups (Carter, Brand, Carter, 
Shorrocks, & Goldizen, 2013), and all individuals were assumed to be associating equally with all 
other group members (“gambit of the group”, Whitehead & Dufault, 1999). Groups were generally 
self-defining as there was clear spatial differentiation among groups. If an individual was sighted 
more than once on a transect during one visit, only the first observation was used. Due to park 
regulations all observations were made on roads from inside a vehicle. Similar data collection 
protocols were used in all sampling periods, ensuring comparability of data (Brand, 2007; Carter, 
Brand, et al., 2013; Carter, Seddon, Frere, Carter, & Goldizen, 2013).  
Patch darkness scoring 
At each group sighting in 2004, 2005, 2013, 2015 and 2016, as well as recording behavioural and 
demographic data, we also recorded a patch darkness score for each male in the observed groups. 
Following Brand (2007), scores were based on brown colour saturation or “gross darkness”, as 
opposed to variation in hue, and were assumed to correspond to incrementally increasing levels of 
eumelanin pigmentation (Meunier, Figueiredo Pinto, Burri, & Roulin, 2011). Patch darkness was 
broken into four categories (1 – 4) based on shades of brown, with half scores representing transitional 
states between shades (Figure 4.1). Transitional characteristics included darkening at the centre of 
patches (Berry & Bercovitch, 2012) or in particular regions of the body. We developed a graduated 
colour reference chart with descriptors of each category. A score of one represents a giraffe that is 
washed out with patches that are difficult to distinguish from the paler background, a two is equivalent 
to the colour of a standard female or sub-adult male and four represents a male whose patches are 
almost entirely black.   
Age calculation 
Giraffes were categorised as juvenile, sub-adult or adult in the field based on their height, behaviour 
and ossicone development. Juveniles, aged between zero and two years, were recognised by their 
short stature, up to 3.25 m (Dagg & Foster, 1982), and behaviours including following female adults, 
suckling or being in crèche groups with other young individuals. Sub-adults, aged between two and 
four years, were independent of their mothers but shorter than adults. Male sub-adults also had fringed 
hair around the tips of their ossicones, which is worn off in adulthood. Individuals over the age of 
four years were considered sexually mature and thus adults, though it should be noted that males 
continue to grow until age eight.  
To determine the accuracy of ages given in the field we reviewed the sightings data and photographs. 
If an individual was given the same age at three or more sightings in a period, we assumed it to be 
correct. If we found inconsistencies or an individual was sighted fewer than three times in a period, 
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we examined the ages of the individual in other periods and reviewed photographs. We were able to 
estimate the age of individuals from their height in comparison to other individuals in photographs. 
If we could not reliably estimate the age of the individual, it was recorded as an individual of unknown 
age in the group and included in the network but not in further analysis.  
Figure 4.1: Patch darkness colour categories and descriptors for male giraffes in the Etosha National Park 
 
 
To account for age estimation errors that may arise from variation in height among individuals of the 
same age, and because we could not estimate birth month for most individuals, identified giraffes 
were further classified into multi-year age cohorts based on their age class when first sighted (Table 
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4.1). We could not reliably estimate the age cohort of individuals that were first observed as adults 
after 2005 as they could be between four and fifteen years old, so these individuals were included in 
the network but in no further analysis (40.1% of individuals). This led to a skew in the proportions of 
different age classes recorded in each period, with the oldest age categories only recorded in the later 
periods, which was accounted for in analyses.  
Table 4.1: Age characteristics of cohorts used to age giraffes in this study. Individuals were classed as juveniles 
(J), sub-adults (S), young adults (YA), middle-aged adults (MA), or old adults (OA). Individuals observed as 
adults (A) in 2004-2005 could not be used until 2015-2016 when we knew that they had to be at least fifteen 
years old. Individuals first observed as adults in all other periods were included as “age unknown” in networks 
and then removed from further analysis. 
Cohort Birth year Age in 2016 
Age 
category in 
2004-2005 
Age 
category in 
2009-2010 
Age 
category in 
2013-2014 
Age 
category in 
2015 -2016 
1 <2001 15+ A A A OA 
2 2001/2002 14-15 S MA MA MA 
3 2002/2003 13-14 S YA MA MA 
4 2003/2004 12-13 J YA MA MA 
5 2004/2005 11-12 J YA MA MA 
6 2005/2006 10-11 J YA MA MA 
7  2006/2007 9-10  S YA MA 
8 2007/2008 8-9  S YA MA 
9 2008/2009 7-8  J YA YA 
10 2009/2010 6-7  J YA YA 
11  2010/2011 5-6  J YA YA 
12 2011/2012 4-5   YA YA 
13 2012-2013 3-4   S S 
14 2013-2014 2-3   J S 
15 2014-2015 1-2    J 
16 2015-2016 0-1    J 
 
Patch darkness scoring from photographs 
Patch darkness scores were not recorded for all individuals in all data collection periods and observers 
varied; thus, we cannot ensure the reliability of male colour scores given in the field. Instead, we 
chose to score male patch darkness from photographs. We included 249 photographs taken 
opportunistically by RB and other visiting researchers outside of the data collection periods (see 
acknowledgements), which increased the size and improved the continuity of the dataset. Photographs 
of identified males from over the 12-year period were collated into the following five periods: 2004-
2005 (P1), 2009-2010 (P2), 2011-2012 (P3), 2013-2014 (P4), 2015-2016 (P5). We limited our colour 
and age analysis (Aim 1) to aged males that had been photographed in a minimum of two periods. 
This provided a candidate set of 77 males (mean of 3.0  1.0 SD periods/individual). We only 
calculated sociability metrics for individuals that had been seen a minimum of 8 times in a period 
(see below), thus analyses for Aim 2 were limited to a subset of 35 males (N = 35, mean = 1.1  0.7 
periods/individual). As no group composition data were collected in period three, this period was 
excluded from our second aim.  
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Field conditions meant that it was impossible to standardise lighting conditions or to include a colour 
standard in photographs. In addition, variation in cameras and image quality over the 12-year period 
meant that the use of image analysis software (as in Gerald, Bernstein, Hinkson, & Fosbury, 2001) 
was not possible. Therefore, we scored patch darkness by eye. Scoring colour consistently has been 
shown to be possible using photographs (Mizokami, Ikeda, & Shinoda, 2004; Phuangsuwan, Ikeda, 
& Shinoda, 2014).  To improve the accuracy of our scoring we used only scored images taken under 
daylight lighting (no dawn or dusk photographs) and that were not backlit, hazy or blurry.  
For each photograph we scored patch darkness using the same colour categories and criteria as in the 
field. When more than one image was taken at a sighting we reviewed all images against each other 
and the scoring criteria to decide upon the score for that sighting (mean 1.8  1.2 images/sighting). 
When a giraffe was photographed at more than one sighting in a period we again compared all images 
to each other and the scoring criteria and decided the score for the period (median 3, IQR 1 - 6 
sightings/period). Using multiple photographs in this way likely increased our accuracy. In the rare 
cases where a male appeared to change colour class during a period, we assigned it the lowest 
recorded category for that period. If an image did not meet the acceptable photograph conditions it 
was not scored, and if an individual had no acceptable images in a period, that period was removed 
for that individual from the analysis. All image scoring was conducted by the same observer (MC), 
under standardised lighting using a MacBook Pro with the screen turned to full brightness. We chose 
not to crop out the background of photographs as the human brain uses cues from the surrounding 
environment to adjust colour perception (Mizokami et al., 2004). 
Validation of photo colour scoring 
To compare the scoring of colour from photographs with field scores we took a random subset of 200 
sightings of males from period five where males had been assigned a colour score in the field and a 
photograph had been taken. We used only sightings where the photograph was taken in acceptable 
light conditions and the animal was not obstructed by vegetation or out of focus. Multiple sightings 
of the same individual were allowed. The colour of the male in each photograph was then scored 
independently by three trained observers using the same criteria as used in the field. Observer one 
(MC) completed two full, seven-month data collection periods (2015 and 2016), while observers two 
and three had each spent one month in Etosha National Park collecting field data on this project as 
volunteers in 2016. The accuracy test was conducted in mid-2017, reducing the likelihood of 
observers being able to recognise individuals and recall the scores given to them in the field.  
To test inter-observer reliability among the three observers we calculated an intra-class correlation 
coefficient (ICC) and 95% confidence intervals in the R package psych (Revelle, 2017), based on a 
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mean-rating (k = 4), absolute agreement, and a two-way mixed effects model (Koo & Li, 2016). We 
then tested the correlation between the photograph scores of MC and the field scores using a 
Spearman’s rank correlation. 
Calculation of association data 
We generated weighted social networks for each data collection period from the observed group 
compositions using the R package asnipe (Farine, 2017). We excluded groups where less than 80% 
of individuals could be identified (M. J. Silk, Jackson, Croft, Colhoun, & Bearhop, 2015), and to 
control for differences in grouping patterns between wet and dry periods (Brand, 2007), we only 
included groups observed between April and November in each period, leaving 2428 groups over 
four periods. We calculated the strengths of association (edge weighing) between dyads (pairs of 
individuals) using the half-weight index (HWI, Whitehead, 2008): 
𝐻𝑊𝐼 =
𝑋
𝑋 + 𝑌𝑎𝑏 + 
1
2 (𝑌𝑎 + 𝑌𝑏)
 
in which X is the number of times individuals a and b were seen together, Yab denotes the number of 
times both individuals were observed in a survey but not together and Ya and Yb  denote times that a 
was observed but not b and vice versa. This index controls for biases that may arise when individuals 
are more likely to be seen apart than together, which is likely to occur when individuals have large 
home ranges and the population exhibits a high degree of fission-fusion dynamics (Croft, James, & 
Krause, 2008). HWI scores fall between zero and one, with zero representing a dyad that is never 
observed together and one a dyad that is always in the same group (Cairns & Schwager, 1987; 
Whitehead, 2008). We did not filter rare edges or individuals (nodes) with low sighting frequencies. 
We could not analyse the social network metrics of individuals with low sightings (see below), 
however these individuals may be important to the structure of the network and the position of others 
within it (Croft et al., 2008) and thus were included in the calculations of other individuals’ metrics.  
Calculation of gregariousness and sociability metrics 
To quantify males’ social behaviour, we calculated two metrics of gregariousness, two social network 
metrics that describe different aspects of individuals’ sociability and the proportion of individuals’ 
associates (group members) that were males. 
Gregariousness metrics: 
Median group size: We calculated the median group size for each male in each period. To 
standardise across the periods, we calculated the median group size for all individuals in each 
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period and subtracted this from each male’s median to obtain a difference from the period median 
group size. 
Proportion of time spent alone: We divided the number of sightings where an individual was 
alone by its total number of sightings. Again, to standardise we calculated the median time spent 
alone across all individuals in each period and subtracted this from males’ scores to obtain 
differences from the median proportion of time alone.  
Sociability metrics: 
Transitivity: Also known as clustering coefficient, this metric measures the degree to which an 
individual’s associates are also connected to one another. Individuals in highly “cliquish” or 
tight-knit subgroups have high relative transitivity. 
Betweenness: This metric determines how important an individual is as a connector between 
others in the network by measuring the number of dyads whose geodesic distance (shortest path) 
passes though the individual. High betweenness scores represent individuals that are important 
network connectors.  
Proportion of male associates: For each sighting of a male we counted the group size (minus one to 
account for the individual) and the number of other males in the group. We then summed each 
of these for each male and divided their total number of male associates by their total number of 
associates. To standardise across periods, we calculated the proportion of male associates in the 
same way for each male in each period. We then calculated a median proportion for each period 
and subtracted this from the score for each male in that period.  
Comparison of raw individual metrics from networks that are of different sizes and have different 
characteristics is not appropriate (Krause, Croft, & James, 2007). Thus, to allow comparison of our 
transitivity and betweenness scores, we utilised a similar approach to that used by Wilson et al. (2013) 
and ranked each individual in each period by their metric and then rescaled them to fall between zero 
and one with one representing the highest ranked individual. To reduce inaccuracy due to sparse data 
we analysed only males seen more than eight times in a data collection period. This threshold was 
chosen as a trade-off between maximising the number of individuals included in the analyses while 
still suitably sampling their association patterns. We controlled for differences in sighting frequencies 
among individuals above the minimum number of sightings by utilising a permutation method that 
maintains group composition and individual sighting frequency while randomly moving individuals 
among groups (explained below).  
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The relationship between colour and age (Aim 1) 
To test the relationship between males’ age and coat colour we ran a cumulative link mixed model in 
the R package ordinal (Christensen, 2015). We used colour as an ordered response, with age (also 
ordered) and period as predictors. We also included ID as a random factor. To test the goodness of fit 
of the model we calculated McFadden’s pseudo R2 (Domencich & McFadden, 1975). This returns a 
value between zero and one, but values close to one are unlikely and values between 0.2 and 0.4 are 
considered to represent a suitable model fit (McFadden, 1978). Environmental conditions may also 
be important factors influencing colour but we could not reliably test for this because we did not have 
an even spread of ages and colours in each period.  
Homogeneity of variance is not of concern when modelling ordinal data; however, as we were 
interested in difference in variation among age categories and found clear evidence of increasing 
variance with age in a preliminary analysis, we tested for this formally by treating colour as a numeric 
variable and running a Levene’s Test using the car package in R (Fox & Weisberg, 2011). This test 
assesses whether variance of a variable is statistically different among groups.  
The relationships between sociability and colour (Aim 2) 
To test whether and how individuals’ median group size related to colour, we ran a linear mixed 
effects model with individual difference from the period median group size as the response, colour 
(ordered) as a predictor and ID and period as random effects in the R package lme4 (Bates, Bolker, 
& Walker, 2015). Because age is related to males’ gregariousness (Chapter 2), we controlled for age 
by including it as a predictor in the model. Although there is a relationship between age and colour 
(see Results below), a chi-square test between ordinal variables showed that the correlation was 
significant but not strong (R = 0.62, X2 =35.68, simulated-P = 0.008), so both variables could be 
included in the model. To test the fit of the model we compared the log-likelihood of the model with 
that of a null model, to show that the included variables improved the predictive performance of the 
model. We used the same approach to test the relationships between a) male colour and difference to 
median proportion of time alone, and b) difference to median proportion of male associates. Each 
variable was modelled with age and colour as ordinal predictors and individual identity and period as 
random effects. We combined colour classes 3.5 and 4 in all analysis due to low sample sizes of each 
class.  
To examine the relationships between colour, age and each of the social network metrics, we ran 
generalised linear mixed effects models with a beta distribution and logit link in the R package 
glmmTMB (Magnusson et al., 2017). As with the gregariousness metrics, we know that age is related 
to sociability (see Chapter 2); thus, age was included in the models. We included individual identity 
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as a random factor in all models, but period was not included as it had only minimal influence on the 
variance of the rescaled ranked data. Network data are non-independent and thus violate the 
assumptions of regression modelling. Thus, to calculate appropriate p-values we used a randomisation 
approach by permuting the network, recalculating the sociability metrics and rerunning the model 
1000 times. Explanatory variables were considered significant if the observed effect size was larger 
(further from zero) than 95% of the randomised effect sizes. This approach has the additional benefit 
of controlling for differences in sighting frequencies among individuals. Again, we used a log-
likelihood comparison with a null model to test the model fit.  
Results  
After the removal of unacceptable photographs, we used 1793 photographs to score the patch 
darkness of 66 males in 206 male/period combinations for Aim 1 and 35 individuals in 38 male/period 
combinations for Aim 2. This included males in all age classes from juvenile (< 2 years) to old adult 
(15+ years) and individuals ranged in patch darkness from 1.5 (paler than an average female) to 4 
(almost all patches completely black), with a median darkness score of 2.  
Consistency of colour scoring 
We calculated an ICC3,k value of 0.94 with a 95% confidence interval of 0.93-0.95, suggesting high 
inter-observer reliability in scoring colour from photographs (Koo & Li, 2016). The correlation 
between the photograph scores of the primary observer (MC) and the scores assigned in the field was 
significant (R = 0.84, N = 200, t = 21.595, D.F. = 199, P < 0.001). We concluded that we could 
reliably score male colour from photographs under these conditions.  
The relationship between colour and age (Aim 1) 
The hypothesis that colour functions as a signal of competitive ability predicts that not all males 
should become equally dark as they age. Our data supported that prediction. In general, coats 
darkened with age and the oldest males were the darkest; however, variation in colour increased with 
age (Figure 4.2). Juveniles were only found to have colour classes 1.5 and 2 while old males ranged 
from classes 2 to 4. Colour class 2 was the most common for all age classes except old males, for 
which colour 3 was more common. Twenty individuals (26%) did not change colour between periods 
at all and one particular individual was recorded as colour 2 as a juvenile, young adult, middle-aged 
adult and old adult. Colour was linearly and quadratically related to age and period had no significant 
effect (Table 4.2). The Levene’s test showed significant differences in variance of colour scores 
among age classes (DF = 4, F = 6.00 P < 0.01).  
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Figure 4.2: Progression of colour with age for 66 males each photographed in a median of 3.0 periods for a 
total of 206 male-period combinations. Box height denotes the number of individuals observed in each 
category and line width denotes the number of individuals that followed a given path between age classes. 
Dashed lines represent paths that skipped an age class, which occurred when individuals were not sighted in 
consecutive periods. Vertical lines exist where individuals were in the same age class in consecutive periods 
and changed colour, and “U-turn” arrows denote individuals that were in the same age class in consecutive 
periods but did not change colour.  
 
Table 4.2: Full model output from the cumulative link mixed-effect model of the effect of age and period on 
colour (Aim 1). The model includes 206 observations of 66 males. Significant variables are shown in bold. 
 Parameter Estimate SE Z-value P-value 
Age - linear 4.44 1.07 4.15 <0.01 
Age - quadratic 2.37 0.63 3.74 <0.01 
Age - cubic 0.72 0.52 1.39 0.16 
Age - quartic -0.52 0.39 -1.34 0.18 
Period 2 1.39 0.86 1.61 0.11 
Period 3 2.00 1.07 1.87 0.06 
Period 4 0.72 1.00 0.72 0.47 
Period 5 1.46 1.11 1.32 0.19 
 
The relationships between sociability, age and colour (Aim 2) 
If male giraffes’ colour reflects their condition, males of different colours might exhibit different 
mating strategies. This hypothesis makes the prediction that males’ colour would relate to their 
sociability patterns. We found partial support for this prediction. Males’ gregariousness generally 
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decreased with age and darkness. Gregariousness decreased linearly with age but for colour there was 
a stark contrast between gregariousness metrics of males that were paler and darker than colour class 
2.5 (Figure 4.3). This result was reflected in significant negative linear relationships between males’ 
differences from the median group size and both colour and age (Table 4.3a) and a quartic relationship 
between difference to median group size and colour (Table 4.3a). We also found that the proportion 
of time alone (measured as the difference from the period median) increased linearly with both age 
and colour, with the effect of colour larger than that of age (Table 4.3b). We found no significant 
effects of age or colour on rescaled betweenness or transitivity rank as estimates fell within the spread 
of possible values from randomised data (Table 4.3c & d). We found no effect of colour or age on 
the proportion of male associates (measured as the difference from the period median, Table 4.3e). 
 
Figure 4.3: Relationships between males’ gregariousness metrics and age and colour. The top row shows the 
relationships between median group size (measured as the difference from the median for all individuals in a 
period) and age (A) and colour (B). The bottom row shows the relationships between the difference to period 
median proportion of time alone and age (C) and sex (D). Boxes show the median and interquartile range 
(IQR) with whiskers to 1.5 times the IQR. Data outside of this range are shown as points.  
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Table 4.3: Full model output results for Aim 2 analyses; the relationship between sociability and colour. Model 
outputs show the relationships of age and colour with (A) difference to median group size, (B) difference to 
median proportion of time alone, (C) difference to median proportion of male associates, (D) rescaled ranked 
betweenness and (E) rescaled ranked transitivity. All models were made on 44 observations of 41 males in 4 
periods. Significant variables are shown in bold. 
 
 Parameter Estimate SE DF t-value P-value 
(Intercept) 0.19 0.37 35.00 0.50 0.62 
Age - linear -2.08 0.84 35.00 -2.49 0.02 
Age - quadratic -0.37 0.68 35.00 -0.55 0.59 
Age - cubic 1.22 0.65 35.00 1.87 0.07 
Age - quartic -0.17 0.65 35.00 -0.25 0.80 
Colour - linear -2.17 1.03 35.00 -2.11 0.04 
Colour - quadratic -1.37 0.78 35.00 -1.77 0.09 
Colour - cubic -0.30 0.70 35.00 -0.44 0.67 
Colour - quartic 1.82 0.71 35.00 2.55 0.02 
 
 Parameter Estimate SE DF t-value P-value 
(Intercept) 0.24 0.04 35.00 6.39 0.00 
Age - linear 0.22 0.09 35.00 2.58 0.01 
Age - quadratic 0.05 0.07 35.00 0.67 0.51 
Age - cubic 0.01 0.07 35.00 0.12 0.90 
Age - quartic 0.07 0.07 35.00 0.97 0.34 
Colour - linear 0.31 0.11 35.00 2.95 0.01 
Colour - quadratic 0.02 0.08 35.00 0.24 0.81 
Colour - cubic -0.07 0.07 35.00 -1.34 0.19 
Colour - quartic -0.06 0.07 35.00 -0.86 0.39 
 
 Parameter Estimate SE DF t-value P-value 
(Intercept) 0.01 0.04 2.82 0.28 0.80 
Age - linear 0.15 0.08 17.59 1.97 0.06 
Age - quadratic 0.00 0.05 35.97 0.03 0.97 
Age - cubic 0.00 0.05 22.22 -0.09 0.92 
Age - quartic 0.02 0.05 35.41 0.41 0.68 
Colour - linear -0.06 0.09 35.79 -0.61 0.54 
Colour - quadratic -0.01 0.06 35.24 -0.10 0.92 
Colour - cubic -0.04 0.05 35.58 -0.88 0.39 
Colour - quartic -0.08 0.05 35.65 -1.56 0.13 
 
Parameter Estimate StE z-value P-value (randomised) 
(Intercept) 0.10 0.21 0.47  
Age - linear -0.12 0.49 -0.25 0.53 
Age - quadratic -0.75 0.39 -1.92 1.25 
Age - cubic -0.71 0.36 -1.96 2.92 
Age - quartic 0.08 0.36 0.21 2.96 
Colour - linear 0.13 0.66 0.19 0.79 
Colour - quadratic 0.42 0.47 0.90 0.81 
Colour - cubic 0.15 0.37 0.41 0.10 
Colour - quartic 0.40 0.37 1.09 0.59 
 
Parameter Estimate SE z-value p-value (randomised) 
(Intercept) 0.18 0.24 0.73  
Age - linear 0.29 0.54 0.55 0.50 
Age - quadratic 0.84 0.44 1.92 0.37 
Age - cubic 0.38 0.40 0.96 0.76 
Age - quartic 0.12 0.40 0.31 0.99 
Colour - linear 0.18 0.74 0.24 0.66 
Colour - quadratic -0.55 0.53 -1.04 0.60 
Colour - cubic -0.35 0.41 -0.86 0.76 
Colour - quartic -0.14 0.42 -0.35 0.72 
A 
B 
C 
D 
E 
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Discussion 
The observed variation in the coat patch darkness of male giraffes is hypothesised to function as a 
reliable visual signal of males’ condition and thus should be reflected in males’ dominance and 
reproductive tactics (Guindre-Parker & Love, 2014; Roulin, 2016). Darker males, assumed to be in 
the best condition, should use the reproductive tactic with the highest reproductive output, while paler 
males may use an alterative tactic. We examined the coat colour and sociability of male giraffes over 
a 12-year period to examine two predictions pertaining to this hypothesis. Our results show that the 
rate at which males get darker is not even among males; not all males reach the darkest colour in the 
oldest age group, and some appear not to darken with age (Aim 1). We also show that darker males 
tend to be in smaller groups and to spend more time alone than paler males but males of different 
colours do not differ in two social network metrics or the proportions of associates that are males 
(Aim 2). These results suggest that colour may be an age- and condition-dependent sign of fitness 
that influences the breeding tactics of males and their resulting sociability (Freeman‐Gallant et al., 
2010). We discuss these findings below in the broader context of physical condition signalling and 
mating tactics before considering potential future avenues to further investigate the function of male 
patch colour and its influence on the sociability of male giraffes.  
Colour and Age 
As expected for a condition-dependent trait (Freeman‐Gallant et al., 2010), coat patch darkness 
generally increased with age but there was considerable variation among individuals. Below a specific 
threshold in height, weight, or level of experience males may be competitively excluded from mating 
opportunities (Fisher & Lara, 1999), so receive minimal benefits from investing in secondary sexual 
characteristics. Once that threshold is reached and males are competitive, those in good condition 
may trade off or supplement continued investment in growth with investment in secondary traits 
(Mysterud, Langvatn, & Stenseth, 2004). These may be costly (Rohwer & Ewald, 1981) but can 
highlight a male’s superior condition (Roulin, 2016) or convey additional information about 
testosterone level or genetic quality that may not be conveyed through physical features (Gasparini 
et al., 2009; Meunier, Figueiredo Pinto, Burri, & Roulin, 2011; Peters, Astheimer, Boland, & 
Cockburn, 2000; Setchell et al., 2008). Thus, this age- and condition-dependent hypothesis of trait 
expression suggests that older males with a high degree of trait expression are likely to be the most 
dominant (Freeman‐Gallant et al., 2010). Giraffes’ heights increase towards an asymptote at around 
eight years (Dagg & Foster, 1976); thus, as age increases, height is less likely to be a reliable predictor 
of age or condition. Brand (2007) concluded that male giraffes’ colour is used in competitor 
assessment and female mate choice, so colour may be more reliable than height for potential 
competitors and mates to judge condition.  
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Our data are thus consistent with a prediction of the hypothesis that giraffes’ coat colour may function 
as a secondary sexual characteristic in the same manner as the mane of the African lion. Lions’ mane 
growth and colour increase with age; however the length of manes can be influenced by injury, 
testosterone and nutrition (Smuts, Robinson, & Whyte, 1980; West & Packer, 2002) and colour can 
vary with ambient temperature and testosterone (West & Packer, 2002). Indeed, there is so much 
variation in the mane characteristics of male lions that it is not used as a reliable pre-mortem indicator 
of age (Miller et al., 2016). The colour and length of lions’ manes have been associated with female 
choice and male-male competition, but darker manes have been associated with higher coat surface 
temperature and higher rates of abnormal sperm (West & Packer, 2002). As well as its use in 
competitive assessment and mate choice in giraffes, Brand (2007) demonstrated that darker colours 
may be associated with higher heat stress in environments with high insolation. Some female giraffes 
become paler towards the end of the dry season and post-partum, and darker males appear to suffer 
high mortality in drought years (Brand, 2007; A. Goldizen, personal observations; S. Kotting, 
personal comms.). It thus appears that giraffes’ colour may function in a similar way to the lion’s 
mane, and if so, suggests that a comparable colour handicap system has evolved as an honest signal 
of male quality in unrelated species in response to the same environmental conditions. Purely visual 
secondary sexual traits are rare in wild ungulates but the sable antelope, Hippotragus niger and the 
nyala, Tragelaphus angasii both display sexual dimorphism in coat colour (Kingdon & Hoffmann, 
2013) and inhabit regions that may have high insolarity, so colour could function as a secondary 
sexual trait in a similar manner in those species. Further study into the costs associated with coat 
colour, in particular coat surface temperature, as well as potential links to testosterone levels, 
nutritional stress, dominance and reproductive output will increase our understanding of the function 
of colour in giraffes and other species in this environment.  
Linking colour and age to social patterns 
The sociability patterns of giraffes were consistent with the prediction that males with different levels 
of trait expression may pursue alternate breeding tactics. Males using different breeding tactics should 
exhibit different patterns of sociability (Oh & Badyaev, 2010).  Indeed, we found that darker and 
older males tended to be in smaller groups and to spend more time alone than younger and paler 
males. Gregariousness declined evenly with age but there was a clear distinction between the 
gregariousness of males above and below colour class 2.5. The association patterns of males are 
driven primarily by the use of tactics that increase mating opportunities through the gaining of access 
to females in oestrus (Gross, 1996). Thus, these differences in association patterns are consistent with 
a system in which dominant darker individuals roam over large areas looking for females in oestrus 
and subordinate paler individuals delay competitive breeding or do not invest heavily in competitive 
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breeding but take opportunistic non-competitive breeding opportunities when available (Whitehead, 
1994). This is similar to the “rovers” and “stayers” model described in musk oxen by (Forchhammer 
& Boomsma, 1998) and suggests that fission-fusion dynamics may enable less-dominant males to 
increase their reproductive success through alternate tactics.  
The roving strategy, also known as roaming, is common in species in which females are spread out 
unpredictably throughout the environment (e.g. stray cats, Felis catus, bridled nailtail wallabies, 
Onychogalea fraenata, African elephants, and sperm whales,  Physeter microcephalus,  Barnes, 1982; 
Fisher & Lara, 1999; Say & Pontier, 2004; Whitehead, 1993) and increases encounter rates with 
females. Darker giraffes, assumed to be in better condition, may be able to cover greater distances 
and thus increase their likelihood of finding receptive females (Fisher & Lara, 1999). Males with 
larger home ranges have higher fertilization success in male bridled nailtail wallabies (Fisher & Lara, 
1999). Darker giraffes are dominant over paler males and are preferred by females (Brand, 2007), so 
if more than one male attends a receptive female the darkest male will be able to monopolise the 
opportunity and is more likely to be accepted quickly by the female. This tactic may increase 
reproductive output but dominance and roaming are likely to be costly. Travelling great distances 
requires high metabolic expenditure (Parker, Robbins, & Hanley, 1984) and limits time available for 
foraging (Mysterud et al., 2004). Travelling alone also increases predation risk (Alberts & Altmann, 
1995; Lucas, Waser, & Creel, 1994), particularly if darker individuals are more conspicuous (Stuart-
Fox et al., 2003). Dominance interactions can also be energetically costly and males risk injury if 
interactions escalate to a fight, thus males may not be able to sustain dominance for an extended 
period.  
The high gregariousness we observed for young and pale males may be explained by younger males 
or those in poor condition delaying competitive breeding to invest in growth, condition and 
knowledge which may prove more beneficial over a lifetime. This is the case for young sperm whales 
which exclude themselves from mating opportunities by remaining at higher latitudes than breeding 
females (Best, 1979; Waters & Whitehead, 1990), and may be an explanation for the bachelor groups 
of giraffes observed in this population and others (Bercovitch & Berry, 2014; Brand, 2007). Paler, 
older males that have not reached peak condition may “make the best of a bad situation” by remaining 
near to females to gain access when more dominant males are not around (Koprowski, 1993). 
“Sneaker” males have proven successful in ring-tailed coati, Nasua nasua, siring between 9 and 23% 
of offspring (Hirsch & Maldonado, 2011). In eastern gray squirrels, Sciurus carolinensis, “satellite” 
males gained equal numbers of copulations to dominants by mating when dominant males were 
fighting or pursing other females (Koprowski, 1993). This tactic is most commonly recorded in 
species that have synchronised breeding seasons because dominant males are unable to guard all of 
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the females in oestrus, but could also work when dominant males cannot guard females because they 
are not present, as in our system. Alternatively, in spotted hyenas, Crocuta crocuta, which have a 
fission-fusion system, affiliative male-female behaviour was a successful male mating tactic (East, 
Burke, Wilhelm, Greig, & Hofer, 2003), though there is a matrilineal dominance hierarchy and 
females are dominant over males in this system. Subordinate male giraffes may associate with females 
strategically to build rapport and then gain an advantage from being familiar when they come in to 
oestrus.  
In a highly competitive environment, the optimal behaviour of a male will depend on the behaviour 
and condition of other males (Gross, 1996; Schradin & Lindholm, 2011). The point at which a male 
shifts reproductive tactics should occur when the maximum fitness benefit of the alternate tactic 
equals the minimum benefit of the dominant tactic (Gross, 1996). Colour class 3 was only achieved 
by middle-aged and old adults but was more common for old adults. Middle-aged adults (8 – 15 
years), should have reached their peak height or close to it (Dagg, 2014) and thus be physically 
competitive. They may then increase their reproductive success by investing in colour to signal their 
condition if they can. Thus, we suggest that from colour 3 males may gain increased fitness benefits 
from switching to roaming behaviour in this population.   
Despite the clear trends in giraffe gregariousness we found no effect of age or colour on social 
network metrics. Carter, Brand et al. (2013) calculated social network metrics for males in this 
population in 2004-2005 and 2009-2010 based on six sightings. They found that males’ metrics were 
no different to random assortment and suggested that because males move between groups regularly 
their association patterns may be essentially random. This may also be an explanation for our finding, 
however, as younger and paler males are gregarious we may have expected to see some structure to 
their association patterns. The roaming behaviour of adult males makes them notoriously difficult to 
sample and while we increased our minimum number of sightings of individuals to eight for inclusion 
in our analyses, we still may not have had enough statistical power to distinguish an overall pattern.  
We found no effect of age or colour on the sex of males’ associates. Thus, while males’ overall 
number of associates decreased with colour, males of all levels of darkness associated with similar 
relative numbers of males and females. This is surprising as males that roam should prefer to associate 
with females when they are associating. A possible explanation for this is the apparent importance of 
aggregations around resources that seems to strongly drive grouping patterns in this population 
(Chapter 2). Where resources are limited, males may have to associate with females and males 
regardless of the potential aggressive interactions. Alternatively, we did not include the colour of 
male associates in our analysis. If we had, we may have found that as darkness increases individuals 
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are less likely to tolerate the presence of similar coloured competitors. Therefore, it may be unlikely 
to find two very dark males in a group but paler males may be tolerated (Brand, 2007). This is another 
avenue for future analysis. 
While we could not actually test whether giraffe colour functions as a reliable signal of male giraffes’ 
condition, our findings support the predictions of this hypothesis that (1) if colour is linked to 
condition then not all males should increase in colour expression with age, and (2) males with 
different degrees of trait expression may pursue different mating tactics, reflected in their sociability. 
Using longitudinal data we show that not all males reach the peak trait expression and that colour is 
linked to males’ association patterns. Our association data show that fission-fusion dynamics allow 
males tailor to their association patterns depending on their age and colour, and that these patterns 
likely reflect roaming and staying reproductive tactics, but further research, including movement data, 
is required. In this study we focused on colour, but male giraffes also continue to invest in bulk and 
skull ossification as they age (Simmons & Scheepers, 1996). These features are likely to be 
advantageous in the “necking” fighting technique used by giraffes but may also be used in competitive 
assessment (Kraaijeveld, Kraaijeveld-Smit, & Komdeur, 2007). It is common for individuals to 
display multiple features as complementary signs of their fitness (Vergara & Fargallo, 2011); thus 
future studies on the dominance, condition signalling and life history traits of giraffes should include 
these features. Further research, comparing observations of interactions between males and females 
with colour, age and life history traits are needed to determine why colour is linked to dominance and 
the evolutionary fitness benefits males gain from using different reproductive tactics under different 
physical conditions in societies with fission-fusion dynamics. 
 
 
  
 Chapter 4 117 
References 
Acharya, R. M., Gupta, U. D., Sehgal, J. P., & Singh, M. (1995). Coat characteristics of goats in 
relation to heat tolerance in the hot tropics. Small Ruminant Research, 18(3), 245-248.  
Alberts, S. C., & Altmann, J. (1995). Balancing Costs and Opportunities: Dispersal in Male 
Baboons. The American naturalist, 145(2), 279-306. 
Aureli, F., Schaffner, C. M., Boesch, C., Bearder, S. K., Call, J., Chapman, Connor, R. C., Di Fiore, 
A., Dunbar, R. I., Henzi P., Holekamp, K., Kortstjens, A. H., Layton, R., Lee, P., Lee, P. 
Lehmann, J., Manson, J. H., Ramos-Fernandez, G. Strier, K. B., &Van Schaik, C. P. (2008). 
Fission-fusion dynamics new research frameworks. Current Anthropology, 49(4), 627-654.  
Barnes, R. (1982). Mate searching behaviour of elephant bulls in a semi-arid environment. Animal 
Behaviour, 30(4), 1217-1223.  
Bates, D., Bolker, B., & Walker, S. (2015). Fitting linear mixed-effects models using lme4. Journal 
of statistical software, 67(1). 
Bercovitch, F. B., & Berry, P. S. M. (2014). The composition and function of all-male herds of 
Thornicroft's giraffe, Giraffa camelopardalis thornicrofti, in Zambia. African Journal of 
Ecology, 53(2), 167-174. 
Berglund, A., Bisazza, A., & Pilastro, A. (1996). Armaments and ornaments: an evolutionary 
explanation of traits of dual utility. Biological Journal of the Linnean Society, 58(4), 385-
399. 
Berry, P. S. M., & Bercovitch, F. B. (2012). Darkening coat colour reveals life history and life 
expectancy of male Thornicroft's giraffes. Journal of Zoology, 287(3), 157-160.  
Best, P. B. (1979). Social Organization in Sperm Whales, Physeter macrocephalus. In H. E. Winn 
& B. L. Olla (Eds.), Behavior of Marine Animals: Current Perspectives in Research (pp. 
227-289). Boston: Springer US. 
Blumstein, D. T., Williams, D. M., Lim, A. N., Kroeger, S., & Martin, J. G. A. (2018). Strong 
social relationships are associated with decreased longevity in a facultatively social 
mammal. Proceedings of the Royal Society B: Biological Sciences, 285(1871). 
Brand, R. (2007). Evolutionary Ecology of Giraffes (Giraffa camelopardalis) in Etosha National 
Park, Namibia. (PhD), Newcastle University, Newcastle.    
Cairns, S. J., & Schwager, S. J. (1987). A comparison of association indices. Animal Behaviour, 35, 
1454-1469.  
Cameron, E. Z., Setsaas, T. H., & Linklater, W. L. (2009). Social bonds between unrelated females 
increase reproductive success in feral horses. Proceedings of the National Academy of 
Sciences of the United States of America, 106(33), 13850-13853.  
 Chapter 4 118 
Caro, T. (2013). The colours of extant mammals. Seminars in Cell and Developmental Biology, 
24(6-7), 542-552.  
Carter, K. D., Brand, R., Carter, J. K., Shorrocks, B., & Goldizen, A. W. (2013). Social networks, 
long-term associations and age-related sociability of wild giraffes. Animal Behaviour, 86(5), 
901-910.  
Carter, K. D., Seddon, J. M., Frere, C. H., Carter, J. K., & Goldizen, A. W. (2013). Fission-fusion 
dynamics in wild giraffes may be driven by kinship, spatial overlap and individual social 
preferences. Animal Behaviour, 85(2), 385-394.  
Christensen, R. H. B. (2015). Ordinal - Regression models for ordinal data. R package Version 
2015.6-28. Retrieved from http://www.cran.r-project.org/package=ordinal/ 
Clutton-Brock, T. H., Guinness, F. E., & Albon, S. D. (1982). Red deer: behavior and ecology of 
two sexes. Chicago: University of Chicago press. 
Croft, D. P., James, R., & Krause, J. (2008). Exploring animal social networks. Princeton: Princeton 
University Press. 
Dagg, A. I. (2014). Giraffe: Biology, behaviour and conservation. New York: Cambridge 
University Press. 
Dagg, A. I., & Foster, J. B. (1976). The giraffe: its biology, behaviour, and ecology. Malabar, 
Florida: Krieger Publishing Company. 
Dagg, A. I., & Foster, J. B. (1982). The giraffe: Its biology, behaviour, and ecology. New York, 
NY: Van Nostrand Reinholt. 
Domencich, T., & McFadden, D. (1975). Statistical estimation of choice probability functions in 
Urban travel demand: a behvioural analysis. Amsterdam: North Holland Publishing Co. 
East, M. L., Burke, T., Wilhelm, K., Greig, C., & Hofer, H. (2003). Sexual conflicts in spotted 
hyenas: male and female mating tactics and their reproductive outcome with respect to age, 
social status and tenure. Proceedings of the Royal Society of London B: Biological Sciences, 
270(1521), 1247-1254.  
Evans, K. E., & Harris, S. (2008). Adolescence in male African elephants, Loxodonta africana, and 
the importance of sociality. Animal Behaviour, 76(3), 779-787.  
Farine, D. R. (2017). Asnipe: Animal social network inference and permutations for ecologists. R 
package Version 1.1.3, https://CRAN.R-project.org/package=asnipe.  
Fisher, D., & Lara, M. (1999). Effects of body size and home range on access to mates and paternity 
in male bridled nailtail wallabies. Animal Behaviour, 58(1), 121-130.  
Forchhammer, M. C., & Boomsma, J. J. (1998). Optimal mating strategies in nonterritorial 
ungulates: a general model tested on muskoxen. Behavioral Ecology, 9(2), 136-143.  
 Chapter 4 119 
Fox, J., & Weisberg, S. (2011). An {R} Companion to Applied Regression. Retrieved from 
http://socserv.socsci.mcmaster.ca/jfox/Books/Companion 
Freeman‐Gallant, C. R., Taff, C. C., Morin, D. F., Dunn, P. O., Whittingham, L. A., & Tsang, S. M. 
(2010). Sexual selection, multiple male ornaments, and age‐and condition‐dependent 
signaling in the common yellowthroat. Evolution, 64(4), 1007-1017.  
Gasparini, J., Bize, P., Piault, R., Wakamatsu, K., Blount, J. D., Ducrest, A. L., & Roulin, A. 
(2009). Strength and cost of an induced immune response are associated with a heritable 
melanin‐based colour trait in female tawny owls. Journal of Animal Ecology, 78(3), 608-
616.  
Gehrt, S. D., Gergits, W. F., & Fritzell, E. K. (2008). Behavioral and genetic aspects of male social 
groups in raccoons. Journal of Mammalogy, 89(6), 1473-1480.  
Gerald, M. S. (2001). Primate colour predicts social status and aggressive outcome. Animal 
Behaviour, 61(3), 559-566.  
Gerald, M. S., Bernstein, J., Hinkson, R., & Fosbury, R. A. (2001). Formal method for objective 
assessment of primate color. American Journal of Primatology, 53(2), 79-85.  
Gero, S., Bejder, L., Whitehead, H., Mann, J., & Connor, R. C. (2005). Behaviourally specific 
preferred associations in bottlenose dolphins, Tursiops spp. Canadian Journal of Zoology, 
83(12), 1566-1573. 
Goldenberg, S. Z., De Silva, S., Rasmussen, H. B., Douglas-Hamilton, I., & Wittemyer, G. (2014). 
Controlling for behavioural state reveals social dynamics among male African elephants, 
Loxodonta africana. Animal Behaviour, 95(0), 111-119.  
Gross, M. R. (1996). Alternative reproductive strategies and tactics: diversity within sexes. Trends 
in Ecology & Evolution, 11(2), 92-98.  
Guindre-Parker, S., & Love, O. P. (2014). Revisiting the condition-dependence of melanin-based 
plumage. Journal of Avian Biology, 45(1), 29-33. 
Hirsch, B. T., & Maldonado, J. E. (2011). Familiarity breeds progeny: sociality increases 
reproductive success in adult male ring‐tailed coatis (Nasua nasua). Molecular Ecology, 
20(2), 409-419. 
Hoelzel, A. R., Le Boeuf, B. J., Reiter, J., & Campagna, C. (1999). Alpha-male paternity in 
elephant seals. Behavioral Ecology and Sociobiology, 46(5), 298-306.  
Ims, R. A. (1988). The potential for sexual selection in males: effect of sex ratio and spatiotemporal 
distribution of receptive females. Evolutionary Ecology, 2(4), 338-352.  
Kelley, J. L., Morrell, L. J., Inskip, C., Krause, J., & Croft, D. P. (2011). Predation Risk Shapes 
Social Networks in Fission-Fusion Populations. PLoS ONE, 6(8), e24280.  
 Chapter 4 120 
Kingdon, J., & Hoffmann, M. (Eds.). (2013). Mammals of Africa, Volume VI: Hippopotamuses, 
pigs, deer, giraffe and bovids. London: Bloomsbury Publishing. 
Koo, T. K., & Li, M. Y. (2016). A Guideline of Selecting and Reporting Intraclass Correlation 
Coefficients for Reliability Research. Journal of Chiropractic Medicine, 15(2), 155-163.  
Koprowski, J. L. (1993). Alternative reproductive tactics in male eastern gray squirrels: “making 
the best of a bad job”. Behavioral Ecology, 4(2), 165-171.  
Kraaijeveld, K., Kraaijeveld-Smit, F. J., & Komdeur, J. (2007). The evolution of mutual 
ornamentation. Animal Behaviour, 74(4), 657-677.  
Krause, J., Croft, D. P., & James, R. (2007). social network theory in the behavioural sciences: 
potential applications. Behavioral Ecology and Sociobiology, 62, 15-27. 
Krebs, J. R., & Davies, N. B. (2009). Mating systems Behavioural ecology: an evolutionary 
approach: John Wiley & Sons. 
Le Boeuf, B. J. (1974). Male-male Competition and Reproductive Success in Elephant Seals. 
American Zoologist, 14(1), 163-176. 
Leuthold, B. M. (1979). Social organization and behaviour of giraffe in Tsavo East National Park. 
African Journal of Ecology, 17(1), 19-34. 
Lovari, S., Pellizzi, B., Boesi, R., & Fusani, L. (2009). Mating dominance amongst male Himalayan 
tahr: Blonds do better. Behavioural Processes, 81(1), 20-25.  
Lucas, J. R., Waser, P. M., & Creel, S. R. (1994). Death and disappearance: estimating mortality 
risks associated with philopatry and dispersal. Behavioral Ecology, 5(2), 135-141. 
Magnusson, A., Skaug, H. J., Nielsen, A., Berg, C. W., Kristensen, K., Maechler, M., . . . Brooks, 
M. E. (2017). glmmTMB: Generalized linear mixed models using template model builder. R 
package Version 0.1.3.  
McFadden, D. (1978). Quantitative methods for analyzing travel behaviour of individuals: some 
recent developments. In D. Hensher & P. Stopher (Eds.), Behavioural travel modelling. New 
Haven, USA: Croom Helm. 
McGraw, K. J. (2006). Dietary mineral content influences the expression of melanin-based 
ornamental coloration. Behavioral Ecology, 18(1), 137-142.  
McPherson, F. J., & Chenoweth, P. J. (2012). Mammalian sexual dimorphism. Animal 
Reproduction Science, 131(3), 109-122. 
Meunier, J., Figueiredo Pinto, S., Burri, R., & Roulin, A. (2011). Eumelanin-based coloration and 
fitness parameters in birds: a meta-analysis. Behavioral Ecology and Sociobiology, 65(4), 
559-567. 
Miller, J. R. B., Balme, G., Lindsey, P. A., Loveridge, A. J., Becker, M. S., Begg, C., Brink., H., 
Dolrenry, S., Hunt., Jansson, I., Macdonald, D. W., Mandisodza-Chikerema, R., Cotterill, A. 
 Chapter 4 121 
O., Packer, C., Rosengren, D., Stratford, K., Trinkel, M., White, P. A., Winterbach, C., 
Winterbach, H. E. K., & Funston, P. J. (2016). Aging traits and sustainable trophy hunting 
of African lions. Biological Conservation, 201, 160-168.  
Mizokami, Y., Ikeda, M., & Shinoda, H. (2004). Color Constancy in a Photograph Perceived as a 
Three-Dimensional Space. Optical Review, 11(4), 288-296. doi:10.1007/s10043-004-0288-8 
Mysterud, A., Langvatn, R., & Stenseth, N. C. (2004). Patterns of reproductive effort in male 
ungulates. Journal of Zoology, 264(2), 209-215. 
Oh, K. P., & Badyaev, A. V. (2010). Structure of social networks in a passerine bird: Consequences 
for sexual selection and the evolution of mating strategies. American Naturalist, 176(3), 
E80-E89.  
Oliveira, R. F., Taborsky, M., & Brockmann, H. J. (2008). Alternative reproductive tactics: an 
integrative approach: Cambridge University Press. 
Parker, K. L., Robbins, C. T., & Hanley, T. A. (1984). Energy expenditures for locomotion by mule 
deer and elk. The Journal of Wildlife Management, 474-488.  
Patriquin, K. J., Leonard, M. L., Broders, H. G., & Garroway, C. J. (2010). Do social networks of 
female northern long-eared bats vary with reproductive period and age? Behavioral Ecology 
and Sociobiology, 64(6), 899-913. 
Peters, A., Astheimer, B. L., Boland, J. C. R., & Cockburn, A. (2000). Testosterone is involved in 
acquisition and maintenance of sexually selected male plumage in superb fairy-wrens, 
Malurus cyaneus. Behavioral Ecology and Sociobiology, 47(6), 438-445.  
Phuangsuwan, C., Ikeda, M., & Shinoda, H. (2014). Demonstration of color constancy in 
photographs by two techniques: Stereoscope and D-up viewer. Optical Review, 21(6), 810-
815. 
Revelle, W. (2017). psych: Procedures for personality and psychological research. R package 
version 1.8.3. Northwestern University, Evanston, Illinois. 
Rohwer, S., & Ewald, P. W. (1981). The cost of dominance and advantage of subordination in a 
badge signalling system. Evolution, 35(3), 441-454.  
Roulin, A. (2016). Condition‐dependence, pleiotropy and the handicap principle of sexual selection 
in melanin‐based colouration. Biological Reviews, 91(2), 328-348.  
Rubenstein, D. I. (1986). Ecology and Sociality in Horses and Zebras. In: Rubenstein D.I., 
Wrangham R.W. Ecological aspects of social evaluation. Princeton, New Jersey: Princeton 
University. pp 282-302 
Rubenstein, D. I., & Wrangham, R. W. (1986). Ecological Aspects of Social Evolution. Princeton, 
New Jersey: Princeton University Press. 
 Chapter 4 122 
Say, L., & Pontier, D. (2004). Spacing pattern in a social group of stray cats: effects on male 
reproductive success. Animal Behaviour, 68(1), 175-180.  
Schradin, C., & Lindholm, A. K. (2011). Relative fitness of alterative male reproductive tactics in a 
mammal varies between years. Journal of Animal Ecology. 80(5), 908-917. 
Setchell, J. M., & Dixson, A. F. (2001). Changes in the secondary sexual adornments of male 
mandrills (Mandrillus sphinx) are associated with gain and loss of alpha status. Hormones 
and Behavior, 39(3), 177-184.  
Setchell, J. M., Smith, T., Wickings, E. J., & Knapp, L. A. (2008). Social correlates of testosterone 
and ornamentation in male mandrills. Hormones and Behavior, 54(3), 365-372.  
Silk, J. B., Beehner, J. C., Bergman, T. J., Crockford, C., Engh, A. L., Moscovice, L. R., Wittig, R. 
M., Seyfarth, R. M, Cheney, D. L. (2010). Strong and consistent social bonds enhance the 
longevity of female baboons. Current Biology, 20(15), 1359-1361.  
Silk, M. J., Jackson, A. L., Croft, D. P., Colhoun, K., & Bearhop, S. (2015). The consequences of 
unidentifiable individuals for the analysis of an animal social network. Animal Behaviour, 
104, 1-11. 
Simmons, R. E., & Scheepers, L. (1996). Winning by a neck: sexual selection in the evolution of 
giraffe. The American naturalist, 148(5), 771-786.  
Smith, J. E., Kolowski, J. M., Graham, K. E., Dawes, S. E., & Holekamp, K. E. (2008). Social and 
ecological determinants of fission-fusion dynamics in the spotted hyaena. Animal 
Behaviour, 76(3), 619-636.  
Smuts, G. L., Robinson, G. A., & Whyte, I. J. (1980). Comparative growth of wild male and female 
lions (Panthera leo). Journal of Zoology, 190(3), 365-373.  
Stuart-Fox, D. M., Moussalli, A., Marshall, N. J., & Owens, I. P. (2003). Conspicuous males suffer 
higher predation risk: visual modelling and experimental evidence from lizards. Animal 
Behaviour, 66(3), 541-550.  
Vergara, P., & Fargallo, J. A. (2011). Multiple coloured ornaments in male common kestrels: 
different mechanisms to convey quality. Naturwissenschaften, 98(4), 289-298.  
Waters, S., & Whitehead, H. (1990). Aerial behaviour in sperm whales. Canadian Journal of 
Zoology, 68(10), 2076-2082.  
Weaver, R. J., Koch, R. E., & Hill, G. E. (2017). What maintains signal honesty in animal colour 
displays used in mate choice? Philosophical Transactions of the Royal Society B: Biological 
Sciences, 372(1724).  
West, P. M., & Packer, C. (2002). Sexual Selection, Temperature, and the Lion's Mane. Science, 
297(5585), 1339-1343. 
 Chapter 4 123 
Wey, T. W., & Blumstein, D. T. (2010). Social cohesion in yellow-bellied marmots is established 
through age and kin structuring. Animal Behaviour, 79(6), 1343-1352.  
Whitehead, H. (1993). The behaviour of mature male sperm whales on the Galápagos Islands 
breeding grounds. Canadian Journal of Zoology, 71(4), 689-699.  
Whitehead, H. (1994). Delayed competitive breeding in roving males. Journal of Theoretical 
Biology, 166(2), 127-133.  
Whitehead, H. (2008). Analysing Animal Societies: Quantitative methods for vertebrate social 
analysis. Chicago: The University of Chicago Press. 
Whitehead, H., & Dufault, S. (1999). Techniques for Analyzing Vertebrate Social Structure Using 
Identified Individuals: Review and Recommendations. Advances in the Study of Animal 
Behaviour, 28, 33-74.  
Wilson, A. D. M., Krause, S., Dingemanse, N. J., & Krause, J. (2013). Network position: a key 
component in the characterization of social personality types. Behavioral Ecology and 
Sociobiology, 67(1), 163-173.  
Young, A. J., Spong, G., & Clutton-Brock, T. (2007). Subordinate male meerkats prospect for 
extra-group paternity: alternative reproductive tactics in a cooperative mammal. 
Proceedings of the Royal Society B: Biological Sciences, 274(1618), 1603-1609.  
 
Chapter 5 124 
Chapter 5: General discussion 
Overview 
Social animals need to balance competing costs and benefits of group living. Fission-fusion dynamics 
have evolved within social groups as an adaptive solution to this problem, allowing individuals to 
optimise their association decisions based on their own priorities under temporally and spatially 
changing conditions. These decisions are complex, not least because individuals’ priorities change as 
they move through life stages, resulting in different association patterns at different ages and as 
individuals’ reproductive and physical conditions change. Studying why individuals change groups, 
and how their association decisions differ through time, will provide insight into the fitness benefits 
individuals may gain from being social, and potentially the overall evolution of fission-fusion social 
dynamics, which have also evolved in humans. Thus far, research has generally overlooked the 
explicit question of why specific individuals may choose to join or leave a group. Instead, researchers 
have focused more generally on the relationships between group sizes and ecological conditions, 
though some studies are beginning to also include social factors when looking at grouping dynamics. 
Additionally, the largest body of work on species with fission-fusion dynamics focuses on species 
that show cooperation and alliances between individuals. The association choices of individuals in 
these systems may be complicated by these complex relationships. Studying species such as ungulates 
that do not show complex cooperation or alliances may give a more clear view of how individuals’ 
characteristics and ecological factors can influence their association choices, and how this form of 
flexible sociality evolved. 
The primary research objective of my PhD was to gain a deeper understanding of how the 
characteristics of individuals may relate to their association patterns, and how social and ecological 
variables may constrain association decisions in a fission-fusion society. Long-term data collected on 
the population of giraffes, Giraffa camelopardalis angolensis, in the Etosha National Park allowed 
me to examine the association patterns of the same individuals as they aged, and to determine if 
patterns are consistent despite changing ecological conditions. In this final chapter I discuss how my 
findings fit into current fission-fusion literature and have enhanced our understanding of the 
complexity of individuals’ social decisions in fission-fusion social systems. I then discuss some of 
the limitations to my study and conclude with suggestions for future research both on this giraffe 
population specifically and on more general topics to further enhance our understanding of the 
individual experience within a fission-fusion society.   
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Implications for understanding a fission-fusion social system  
Fission-fusion dynamics allow for the restructuring of social groups in response to ecological 
variation and for individuals to tailor their grouping patterns to their own social and reproductive 
priorities (Chapman, Chapman, & Wrangham, 1995; Lusseau et al., 2004; Wey & Blumstein, 2010). 
A number of studies have identified how group sizes can change in response to the availability of 
resources (e.g. chimpanzees, Ateles geoffroyi, and spider monkeys, Pan troglodytes, Chapman et al., 
1995; Ramos-Fernández, Boyer, & Gómez, 2006; Symington, 1988) and predation risk (e.g. bison, 
Bison bison, Fortin et al., 2009; cercopithecoid primates, Hill & Lee, 1998; and guppies, Poecilia 
reticulata, Kelley, Morrell, Inskip, Krause, & Croft, 2011). Other studies have demonstrated that 
associations among individuals can be driven by social and ecological factors (Cameron, Setsaas, & 
Linklater, 2009; Carter, Macdonald, Thomson, & Goldizen, 2009; De Silva, Ranjeewa, & 
Kryazhimskiy, 2011; Lusseau, 2003; Silk et al., 2010). Both of these avenues of research are 
important for unpacking the complexity of fission-fusion social systems but neither link the individual 
experience to the actual dynamics of group compositions. In Chapter 2 I addressed this gap. I related 
group size and the likelihood of a group composition change to social and ecological factors. I showed 
that group sizes in my population appear to be primarily driven by resource acquisition. In Etosha 
National Park most waterholes are perennial but resources are spread heterogeneously and availability 
of each food type varies seasonally. Groups were largest when foraging and drinking, likely as a result 
of aggregation on resources, and larger in the early dry season when patches are larger and support 
more individuals (Brand, 2007; Coe, Cumming, & Phillipson, 1976). In contrast, we found that social 
factors were more likely to influence the likelihood of fission-fusion events. Mixed groups were the 
largest and most likely to fission within a given period of time while all-female groups were the most 
stable.  
My results in Chapter 3 provided an explanation for why different factors may affect group size and 
stability. I found that females tend to remain gregarious but increase in their betweenness, thus 
number of associates in young and middle-adulthood. This strongly suggests that females may change 
their association decisions depending on their reproductive conditions, therefore groups of females 
may be individuals with similar energetic requirements that gain fitness benefits from remaining 
together (Godde, Côté, & Réale, 2015). Mixed groups tended to be larger and may be comprised of 
multiple smaller preferentially associating subgroups congregating on a resource. These groups may 
also contain males that move frequently among groups looking for females in oestrus (Chapter 4). 
Fission events occur as a result of a conflict in the needs or desires among individuals in a group that 
cannot be resolved (Hart & Van Vugt, 2006). The “fault line hypothesis” used to understand human 
group fission (Lau & Murnighan, 1998) assumes that most groups can be split into subgroups 
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containing individuals that have similar characteristics and requirements. “Faults” or fissions are 
more likely to occur along the dividing lines among subgroups (Lau & Murnighan, 1998). Therefore, 
fissions are likely to occur between subgroups, which in giraffes may be defined by age, sex, 
reproductive status (Chapter 3) or physical condition (Chapter 4). The characteristics of an individual 
may also influence how often it changes groups. Dominant roaming males likely benefit from 
changing regularly while pregnant females or those in poor condition may benefit most from staying 
in larger groups or with individuals that they know. Individuals in poorer condition may also be more 
vulnerable to predation on their own thus less likely to change groups (predation pressure discussed 
below). I suggest that high daily fission-fusion dynamics may be driven by social and ecological 
factors while ecological factors influence overall group size (Chapter 2). 
In species with higher fission-fusion social dynamics there is a large amount of variation in the 
sociability patterns of individuals. In Chapters 3 and 4 I used longitudinal data to investigate how this 
variation may be explained by differences in behavioural strategies depending on individuals’ 
characteristics. Similar to studies on wild horses, Equus caballus (Linklater & Cameron, 2009), and 
dolphins, Tursiops aduncus (Stanton & Mann, 2012), I showed that young adults are particularly 
social (Chapter 3), therefore are important for network cohesion. However, I found that females retain 
high values of network centrality throughout mature adulthood. If increased centrality were a result 
of dispersal or increased exploratory behaviour in young adulthood, as has been the explanation for 
this social characteristic in most studies (Carter, Brand, Carter, Shorrocks, & Goldizen, 2013; 
Linklater & Cameron, 2009; Patriquin, Leonard, Broders, & Garroway, 2010), I should have observed 
a decrease in sociability post young adulthood. I instead suggested that, as my data collection periods 
covered up to two years, this high network centrality may be the result of females associating with 
different individuals while in different reproductive conditions in their prime reproductive years. The 
tendency for females to change association patterns depending on their reproductive status has been 
recorded in long-eared bats, Myotis septentrionalis (Patriquin et al., 2010) and goats, Oreamnos 
americanus (Godde et al., 2015). 
For individuals in fission-fusion societies that move over large areas in heterogenous habitats, the 
need to learn about the physical environment may be a strong factor driving choices of whom to 
associate with. In long-lived species individuals continue to develop and gain knowledge as they age. 
Indeed, older African elephant, Loxodonta africana, matriarchs made more appropriate and 
ecologically relevant decisions in response to playbacks of lion, Panthera leo, calls than did younger 
matriarchs (McComb et al., 2011). Older individuals may hold important knowledge about resources 
and the location of predators that younger individuals can benefit from associating with them to learn. 
I found that old adult females were more likely to lead travelling progressions (Chapter 3) as has also 
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been observed in bonobos, Pan paniscus (Tokuyama & Furuichi, 2017). Adult females have also 
been recorded to lead progressions in plains zebras, Equus burchellii (Fischhoff et al., 2007), musk 
oxen, Ovibos moschatus (Ihl & Bowyer, 2011) and hyenas, Crocuta crocuta (Smith et al., 2015), 
though these studies did not include individuals’ ages. My results also show that old adult females 
remained gregarious but had lower betweenness than young and middle-aged females (Chapter 3). 
Old adult females may still produce offspring, but possess enough knowledge about the environment 
to gain minimal benefits from social learning, so behave solely according to their physiological needs 
(Cameron, Linklater, Stafford& Minot, 2000). If this is the case, then old adult females may be more 
likely to cause group flux events than younger individuals as they move based on their own priorities, 
and may then be followed by younger individuals learning from them.  
Predation pressure may also be an important factor influencing grouping patterns and the association 
decisions of individuals with different characteristics. Predation risk may influence the overall 
stability of groups. For example, in fresh water guppies, flux events occurred less often under higher 
predation pressure (Kelley et al., 2011). This is likely a result of increased risk when changing groups 
under high predation risk. However, I did not find an effect of predation pressure, measured based on 
a composite score of factors that may increase risk of lion attacks on giraffes (Chapter 2), except for 
general gregariousness among females and younger males (Chapter 3). Giraffes, particularly 
juveniles, are preyed upon by lions in Etosha National Park, but there may not be enough predation 
pressure to influence group stability. Another possible explanation for the apparent lack of effect of 
predation pressure on group flux is that I studied groups in particularly dry years, so individuals may 
have been more constrained by resource acquisition than by predation risk. Predation pressure may 
have different influences on social behaviour depending on an individual’s characteristics. Young, 
weak or heavily pregnant individuals may be at a higher risk of predation, so remaining in groups and 
being highly gregarious may be particularly beneficial for them. However, there can be higher 
competition for resources in larger groups and potential increased energetic expenditure to remain 
with a group if it moves. Individuals will need to weigh up these costs based on their physical 
condition. Old and dark male giraffes spend a high proportion of their time alone, roaming between 
groups of females, (Chapters 3 and 4) and anecdotally suffer higher predation pressure (Brand, 2007). 
For old adult males the potential increased reproductive success from roaming may outweigh the 
increased risk of predation. I was unable to test these predictions but the effect of predation pressure 
on individuals’ grouping decisions is a good topic for future research.  
In Chapter 4 I present findings that suggest that reproductive tactics and physical condition may 
influence the association choices made by individuals. Giraffes are rare among mammals in that coat 
colour appears to function as a condition-dependent ornament. In other mammals, condition-based 
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armaments are more common. These armaments are often linked to dominance, reproductive tactics 
and fitness benefits. I show that giraffes’ coat colour ornamentation appears to function similarly. 
Darker males spend more time alone, consistent with a roaming tactic, and paler males spend more 
time in groups, consistent with an alternative “satellite” tactic. The fitness benefits of different 
reproductive tactics will depend on an individual’s condition and may change depending on the 
presence and condition of others (Schradin & Lindholm, 2011). The benefits of each strategy may 
also be influenced by environmental conditions and population density. For example, in Etosha 
National Park and in giraffe populations in the Namib Desert, Namibia (Fennessy, 2009), Luangwa 
Valley, Zambia (Bercovitch, Bashaw, & del Castillo, 2006) and Tsavo East National Park in Kenya 
(Leuthold & Leuthold, 1978), roaming appears to be the dominant reproductive tactic. In Lake 
Manyara National Park, Tanzania, where there is heavy vegetation and giraffes live at high densities, 
males’ home ranges are not larger than females’, suggesting they do not roam, and researchers have 
found evidence of resource defence polygyny (Van der Jeugd & Prins, 2000). Thus, the fission-fusion 
system may allow for plasticity in male reproductive tactics, and roaming may only be beneficial if 
females are sufficiently dispersed in time and space (Schradin & Lindholm, 2011). When roaming is 
the dominant tactic we should expect to see that more dominant males, with higher trait expression, 
are more likely to be involved in group flux events than subordinate males who may increase their 
reproductive success by following females as they move.  
My comparison of the association patterns of males and females of different ages suggests that 
reproductive priorities and ecological constraints may affect different dimensions of individuals’ 
sociability in species with fission-fusion dynamics. An individual’s sociability has many dimensions, 
including, for example, their level of gregariousness, position in their social network and the specific 
individuals with whom they associate (Whitehead, 2008). These dimensions may all have different 
influences on the benefits an individual gains from being social. I show that females may generally 
benefit from being gregarious, likely because of the potential for information transfer and reduced 
predation risk (Chapter 3) but may be able to increase their benefits by being selective about with 
whom they choose to associate. For males it appears that it is how they associate, either spending 
time with groups or alone, given their physical condition, rather than with whom, that influences their 
fitness. These findings reflect the fact that the social preferences of males and females may be limited 
in different ways by the social and mating patterns of their species (Gero, Bejder, Whitehead, Mann, 
& Connor, 2005), but fission-fusion dynamics may allow individuals the flexibility to increase their 
fitness by changing groups and altering their sociability based on their own priorities.  
In its entirety my work adds to the increasing pool of research aiming to understand the evolution of 
sociality. In their review, Aureli et al. 2008 present two hypothetical evolutionary routes through 
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which higher fission-fusion dynamics may have evolved (discussed in Chapter 1). In contrast to the 
conclusion made by Carter (2013) my data suggests that giraffes may fit into evolutionary route A, 
where solitary individuals evolved to form cohesive groups which then required fissioning due to 
ecological conditions. In highly heterogenous environments, like that in Etosha National Park, the 
sharing of information about food sources and predation risk between familiar individuals may be 
highly valuable. Information sharing may have begun between mothers and offspring and then, with 
the development of communication and cooperation to form creche groups, information transmission 
between individuals of the same age, or in the same reproductive condition could have developed. It 
may be more efficient to know the behaviour of, and share information with familiar individuals, such 
as creche mates, thus driving long-term bonds and increasing the benefits of associating regularly. 
Groups may then have continued to grow until the carrying capacity of a resource or area are reached 
and resource competition or contrasting priories necessitate a group fission occurring. The fault line 
hypothesis (Lau & Murnighan, 1998) suggests that the break will occur between groups or individuals 
that are dissimilar or gain the least from being together (Chapter 2). This is a similar model to the 
multilevel societies of hamadryas baboons, Papio hamadryas (Stammbach, 1987) which are made up 
of small tightknit harems that combine with others at difference scales to make one large population. 
A fault would occur between two harems. In the case of giraffes these small subgroups may be less 
well defined, for example a group may be made up of lactating females who associate until they ween 
their offspring, or multigenerational related females. A fault would occur between those that are the 
lease similar. The presence of larger groups in resource rich areas that have higher carrying capacity, 
like Murchison Falls National Park, Uganda (M. Brown, personal communication) also supports this 
idea.  
While my work provides some insight into the possible evolution of sociality in a single species many 
further question remain to understand how and why organisms evolved to be social. In particular, we 
have limited understanding of why higher fission-fusion dynamics have evolved in some species 
while other closely related species remain in stable groups. Comparison of individual sociability and 
group structure within these species, and contrast of their habitat and resource availability may 
provide some insight. I hypothesize that fission-fusion dynamics will have been more likely to evolve 
in long-lived species in habitats where resources are heterogeneously spread. Regardless of the 
particular resource, increased competition will necessitate group fissions while social learning may 
encourage fusions. Additionally, it is unlikely that all taxa have followed the same pathway resulting 
in fission-fusion dynamics. Examining and comparing communication, grouping dynamics and 
fission-fusion events in taxa that display higher fission-fusion dynamics, and live in highly 
heterogenous environments, such as bats and dolphins, may determine whether fission-fusion 
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dynamics evolved as a convergent solution to heterogenous resource availability in the same way 
across multiple taxa or if multiple pathways have occurred. 
Limitations of my study 
While I have found some clear patterns in the sociability of giraffes, there were several limitations to 
my data collection and analysis that should be considered when interpreting the results. Due to park 
regulations we were unable to drive off road, which meant that we could not record data on groups 
far from the road or follow groups that moved away. This may have limited the number of re-sightings 
that I had of individuals and decreased the total number of individuals that I could include in analyses. 
Additionally, the inability to go off road impeded my ability to examine ranging patterns, and 
therefore I did not include habitat use or try to estimate home range overlap between individuals. 
Without home range overlap information, I could not examine whether individuals had preferred or 
avoided associates, instead focusing on associations, regardless of preference, assuming that 
associating gives individuals the potential to communicate. Vegetation density along different 
sections of the roads varied causing differences in visibility. It is possible that this may have altered 
the median group size in densely vegetated habitats because smaller groups are more difficult to spot 
or we may have missed individuals in groups. However, we did record a range of group sizes in all 
habitats. A larger number of groups recorded in dense vegetation may have also been removed before 
analysis. I only analysed groups in which more than 80% of individuals could be identified and, where 
vegetation was dense, photographing and identifying individuals was more challenging. This 
visibility issue may have also hindered the observation of group flux events in dense vegetation. If 
individuals joined and left the group from the back, away from the road, we could have missed these 
compositional changes. However, most habitats where I recorded giraffes were open, dense and 
shrubby but low, or sparse enough to photograph individuals. Acacia nebrownii thickets were 
challenging during flowering periods, but these only lasted approximately 6-weeks.  
The inability to follow groups also limited the scope of questions that I could ask. Focal follows 
would have allowed me to gain a more detailed understanding of the individual experience. For 
example, examining time budgets for individuals with different characteristics may highlight the 
differences in priorities among individuals and how this influences their sociability. Continued 
follows of individuals would have also allowed me to record when and how often they changed 
groups. Additionally, I only analysed the first group flux event in each group, but in reality, changes 
in group composition often happen over multiple splits and fusions. Being able to follow groups 
would give a more detailed understanding of how this process happens, however it would also require 
more complex statistical analysis due to the non-independence of events.  
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My results suggest that the reproductive condition of females is likely a key factor influencing their 
sociability. I was unable to include females’ reproductive condition in my analysis due to the 
difficulty of detecting pregnancy and lactation in wild giraffes. Observed mating events are rare in 
the wild and it can be difficult to determine if a copulation attempt was successful (Dagg, 2014). 
Females then only begin to show signs of pregnancy towards the end of their 15-month gestation 
period (Dagg, 2014). This means that even when I did observe copulations, in most cases I could not 
confirm pregnancy because I was no longer in the park by the time the female may have been showing 
signs of pregnancy. Lactation is also difficult to confirm because females hide very young infants in 
vegetation or may leave them in crèche groups when foraging (Dagg, 2014). Females may be lactating 
while pregnant (Dagg & Foster, 1982), and captive giraffes have been recorded allo-nursing 
(Gloneková, Brandlová, & Pluháček, 2016), which if it occurs in wild giraffes, would further 
complicate the determination of the reproductive status of females and the age of their offspring. 
Reproductive status may be easier to determine in a smaller population where individuals can be 
observed regularly at close range or through the use of hormone analysis.  
I used the ‘gambit of the group’ definition to define an association among individuals (Whitehead & 
Dufault, 1999). Using this definition, co-membership in a group is a proxy for social interaction. This 
method is straight-forward to apply to groups that may be spread unevenly over an area and has been 
used in most studies of giraffe social organisation but assumes that all individuals within a group are 
associating equally (Krause & Ruxton, 2002). If a group is large or individuals are at opposite ends 
of a group, they may not have equal opportunity to communicate or even recognise each other, 
particularly in densely vegetated habitats (James, Croft, & Krause, 2009). Additionally, using 
association rather than interactions to define a connection between individuals does not differentiate 
between individuals that are associating preferentially and random aggregations on resources. Thus, 
my observed groups may be the result of either. However, these two association types need not be 
mutually exclusive. Individuals may specifically choose associates while foraging or socialising, as 
Gero et al. (2005) observed in bottlenose dolphins and by just being in the same area individuals may 
have the potential to communicate and assess each other. This may be particularly true for giraffes, 
which are believed to be able to see over long distances (Dagg & Foster, 1982) and can see over many 
of the trees that would block my vision.  
A final limitation of my study, which is problematic in all current studies of giraffe behaviour, is that 
we still do not fully understand the sensory environment of the giraffe. Giraffes are believed to have 
excellent vision (Mitchell, Roberts, Sittert, & Skinner, 2013) and to be able to see a similar spectrum 
of colours to humans, like other artiodactyl species (Dabrowska, Harmata, Lenkiewicz, Schiffer, & 
Wojtusiak, 1981). Thus, vision is thought to be one of their primary mediums of communication, and 
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indeed, colour appears to affect mate choice and competitive assessment (Brand, 2007). However, 
we do not know how far they can see or if they use visual cues in the same way that humans do. Adult 
giraffes rarely make noises that humans can hear, however, they are believed to communicate via 
infrasound, in a frequency too low for the human ear to detect (Bashaw, 2003; Von Muggenthaler, 
2013; Von Muggenthaler, Baes, Hill, Fulk, & Lee, 1999). Infrasound is used to communicate over 
long distances in elephants, L. africana and Elephas maximus (McComb, Reby, Baker, Moss, & 
Sayialel, 2003; Payne, Langbauer, & Thomas, 1986), and is suspected in rhinoceros, Cerathotherium 
sp., Rhinoceros sp. and Dicerorhinus sp.(Von Muggenthaler, Stoughton, & Jr., 1993) and in the 
giraffe’s close relative the okapi, Okapi johnstoni (Von Muggenthaler, 1992 as cited in Shorrocks, 
2016). If giraffes are able to communicate over long distances, then the observed groups may in fact 
be subgroups in a large communicating group and we may not be detecting the full social experience 
of the giraffe. However, if giraffes are able to communicate over large distances but still show specific 
association patterns on a smaller scale, this may, in fact, add more importance to the observed 
association patterns (Farine, Montiglio, & Spiegel, 2015). This would suggest that individuals are 
making active choices about with whom to associate despite being able to communicate with 
individuals that are not present. Proving the use of infrasound in wild populations is difficult because 
of noise interference from other animals and cars, and the challenge of pairing a signal to an elicited 
response when the signal travels over a large distance. Finally, we know little about the giraffe’s sense 
of smell. A study of captive giraffes has shown that giraffes can perform olfactory discrimination but 
whether they use this sense to recognise others, to determine another’s reproductive status prior to 
urine testing or to detect predators is largely unknown (Pereira, 2013).  
Future research directions 
While my research has built on previous studies of giraffes and increased our understanding of the 
individual experience, there are a number of characteristics that I could not quantify, but which likely 
influence individuals’ association patterns. As mentioned above, changes in the reproductive status 
of females, and potentially males if a rutting period exists (Chapter 2), likely result in different 
energetic and social requirements as has been observed in other species (e.g. elephants, Goldenberg, 
De Silva, Rasmussen, Douglas-Hamilton, & Wittemyer, 2014; chimpanzees, O'Malley et al., 2016; 
and northern long-eared bats Patriquin et al., 2010). Future research should include reproductive 
status as a variable as well as age to determine how these two variables interact in their effects on 
reproductive tactics and sociability, and whether reproductive status is a stronger predictor of 
sociability than age in males and females. The body condition of males and females may also 
influence their association patterns; for example those in poorer condition should prioritise resource 
acquisition over reproduction and thus associate with others that can provide knowledge about 
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resources, or at least not limit their access too food. Carter (2013) examined females’ body condition 
in relation to their sociability in wet and dry seasons. This work could be expanded to include males 
and compare individuals as they age to determine the effect of body condition on priorities and social 
behaviour.  
My fourth Chapter adds to the work of Brand (2007) exploring the hypothesis that the colour of male 
giraffes’ coats functions as a signal of their physical condition. While my work begins to unpack two 
predictions relating to this hypothesis, there is still considerable scope for further research to fully 
understand the functions of the giraffes’ coat colour. Firstly, research is required to understand the 
costs associated with darker colour. If colour indeed functions through the handicap principle, as 
discussed in Chapter 4, then we may expect to see a higher concentration of darker males in areas 
that have more available forage. This appears to be the case in the Etosha National Park and presents 
a potentially interesting study system. My subjective impression is that there is a higher concentration 
of dark males in the densely vegetated and wetter east of the park compared with the more sparsely 
vegetated and dryer central area (where I conducted my study). A higher density of dark males in 
highly vegetated areas could be because all males are in a better condition when there is more 
vegetation available so can afford to invest more in colour or darker, more dominant males could be 
excluding paler from the better quality habitats which likely contain more receptive females. The 
amount of foliage may also influence the overall sun exposure. More foliage will decrease exposure 
and thus the potential thermoregulatory costs or darker colours (Brand, 2007). The north-west of 
Namibia is more sparsely vegetated than Etosha National Park, and even dryer, and giraffes there 
appear to be much paler. Comparing males between these populations could be a further extension of 
the analysis. Examining differences in colour across this gradient, along with behaviour and 
sociability, may provide further insight into the function of colour and how it influences the 
sociability and behaviour of males in different ecological conditions.  
While colour may signal physical condition, there are a number of other characteristics that may relate 
to or be signalled by colour. Testosterone level and body size are linked to ornamentation, mating 
success and behavioural patterns in a number of species (e.g. superb fairy wrens, Malurus cyaneus, 
Peters, Astheimer, Boland, & Cockburn, 2000; and mandrills, Mandrillus sphinux, Setchell, Smith, 
Wickings, & Knapp, 2008), thus these characteristics may also relate to coat colour in giraffes. Brand 
(2007) compared height with the colour of 26 males and found no significant difference in the height 
of males that were in in darker colour categories (equivalent to my colour class 3 and above), though 
her sample sizes were small in these darker colours. A larger comparison of height against colour and 
dominance may determine whether colour functions as a signal of competitive ability that is 
independent of, or complementary to, height (Freeman‐Gallant et al., 2010; Vergara & Fargallo, 
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2011). The collection of faecal samples would allow researchers to test for a link between colour, 
testosterone and dominance. Faecal samples may also allow for cortisol assays to examine whether 
darker males are under a higher level of stress, which would be expected under the hypothesis that 
colour functions as an honest signal through the handicap principle. Finally, I hypothesise that darker 
males are in better physical condition so may be able to roam further and encounter more females 
(Chapter 4). Analysis of ranging patterns using GPS trackers would confirm whether darker males 
are indeed roaming further than their paler counterparts. Combining analysis of colour with 
testosterone, body size, cortisol and movement patterns will provide a much more detailed 
understanding of the priorities of male giraffes and the function of the uniquely exaggerated coat 
colours that we observe.  
It is the very nature of the fission-fusion social system that it is dynamic and allows individuals to 
tailor their grouping to the conditions. Therefore there may be pronounced variation in the degree of 
fission-fusion dynamics and the population structure both across and within species (Aureli et al., 
2008). Comparing association patterns and network structure between contexts may give insight into 
how social patterns change under different circumstances (James et al., 2009; Krause, Croft, & James, 
2007). Sundaresan et al. (2007) compared the structure of two equids with fission-fusion dynamics, 
Grevy’s zebra, E. grevyi, and onager, E. hemionus. They found distinct differences consistent with 
environmental differences. Separate studies on eastern grey kangaroos, Macropus giganteus, have 
demonstrated that relatedness strongly influences the association preferences in small (King, Garant, 
& Festa‐Bianchet, 2015) but not large (Best, Dwyer, Seddon, & Goldizen, 2014) populations of 
kangaroos. Therefore, the patterns observed in one fission-fusion population may not be observed in 
another if the conditions, population size or population composition differ. Comparisons of 
individuals’ association patterns in giraffe populations of different sizes and under different 
ecological constraints may determine which factors are constants in driving individuals’ association 
decisions and those that may be unique to a set of conditions or type of population. These types of 
comparisons will increase our understanding of the flexibility allowed within the giraffe fission-
fusion social system.  
Implications for the conservation of giraffes 
The number of giraffes in the wild has declined by 40% in the last two decades (Muller et al., 2016). 
Few large natural populations remain with most populations either small, fragmented or declining. 
The Etosha National Park population is large, not currently threatened and their natural behaviour is 
minimally interrupted by human activity. Studying this population allowed us to better understand 
the function of a natural, non-threatened giraffe social system which can be used to inform best 
practice strategies for managing threatened populations.  
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Translocations have been used previously for giraffe conservation, such as the movement of 18 
giraffes across the Nile River to populate a new area of Murchison Falls National Park, Uganda 
(Giraffe Conservation Foundation, 2016). Social factors, size of the translocated population, and 
ecological factors at the new site have been shown to influence the establishment success of new 
populations (Matson, Goldizen, & Jarman, 2004; Shier, 2006). Therefore, it is crucial to understand 
the social structure/dynamics of a species to increase the chances of successful translocations. My 
results demonstrate that association patterns of giraffes are driven by both social and ecological 
factors, suggesting that selecting individuals from key areas in a network may influence the structure 
and success of the translocated populations. For example, as females take on distinct roles in the 
network (Chapter 2), females of a range of ages should be included in translocations. Additionally, 
Carter et al. (2013) demonstrated that females maintain long-term bonds with preferred associates, so 
consideration should be given to selecting females that are socially compatible with others. Males 
aged eight to fifteen years may be the most appropriate for breeding as they are fully grown and males 
over fifteen may begin to withdraw from socialising (Chapter 2).  Brand (2007) demonstrated that 
darker males are more dominant and are preferred by females, so the translocation of a dark male 
may be beneficial for population growth. However, too many dominant bulls may lead to costly 
dominance interactions so selecting males of different colour shades may be appropriate (Chapter 4).  
An important consideration for the management of local and translocated giraffe populations is that 
the fission-fusion social system allows for flexibility, so the network structure and association 
patterns in one population may not be reflected in another. As an example, relatedness appears to be 
important for preferred associations in the small Luangwa Valley giraffe population but not in the 
large Etosha National Park population (Berry & Bercovitch, 2014; Carter, Seddon, et al., 2013; 
discussed in Chapter 3). Studying the dynamics of giraffe populations of different sizes and where 
populations exist under different environmental constraints, as mentioned above, will allow 
conservationists to tailor management strategies to specific populations, and in doing so improve 
success rates. Finally, all knowledge that we gain about the behaviour of wild giraffes can help to 
improve the care of captive individuals, which play an important role in education and raising 
awareness, and revenue for in situ conservation (Tribe & Booth, 2003). By understanding the 
structure of populations with fission-fusion dynamics, and how individuals tailor their association 
patterns at different life stages we can better understand the evolution of the fission-fusion social 
system and conservationists can make appropriate decisions when managing or translocating 
populations of giraffes and other species with fission-fusion social dynamics.  
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